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PREFACE

Water heating and building space conditioning account for more than one third
of the nation's total energy consumption., Because solar energy can be effi-
ciently captured at the low to moderate temperatures required for space con-
ditioning and water heating, there is a good match among the energy demand,
resource, and technology. In support of the Federal Government's goals to
encourage the provision of adequate, reliable, and reasonably priced energy
supplies both today and over the long term, DOE's Active Heating and Cooling
(AHAC) Program supports research to develop the technology base that will
allow the private sector to produce competitive active solar products and
services.

The AHAC program consists of research on systems, components, and materials
for solar cooling, heating, and domestic hot water applications. The tech-
nologies being pursued include heating, closed- and open-cycle absorption
cooling, and liquid and solid desiccant cooling. The systems research asso-
ciated with the AHAC program consists of analysis, experimental testing, and
reliability testing and evaluation.

The systems analysis subelement consists of developing, validating, and exer-
cising algorithms that model advanced active heating and cooling systems and
their control strategies. Where analytical tools do not exist or are inade-
quate for assessing the performance of new system concepts, algorithms are
developed and validated analytically or empirically or both. System perfor-
mance is analyzed to compare alternative operation strategies, designs, com-
ponent and material opportunities, and research priorities. When new
algorithms are created and validated, they are made available through the
TRNSYS library and, where appropriate, converted to the F-CHART design method.

The goals of the reliability research subelement are to identify the causes
and frequency of AHAC systems reliability problems and to recommend and per-
form appropriate research to improve the overall reliability of AHAC systems.
Specific activities include testing component reliability in the laboratory,
testing materials and components outdoors, developing test standards for crit-
ical components, developing and applying analysis techniques to estimate how
reliability affects system performance and delivered energy cost, and evalu-
ating the performance of state-of-the-art AHAC systems.

The systems testing subelement is composed of laboratory and field evaluation
of both state-of-the-art and advanced active systems concepts. The systems
tests generate data that can be used to validate system—level models, verify
operation strategies, and identify opportunities for improved control strat-
egies and problem solving in component, material, and system design and opera-
tion. Testing systems in highly controlled and instrumented situations allows
the researcher to benchmark the performance and sensitivity of the system to
the important driving functions (e.g., load, insolation, weather, control
strategy).

The systems research subelement identifies (through analysis and testing)
problems and opportunities with materials and components in which research 1is
required to develop reliable systems that minimize the cost of delivered
energy.
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This report supports the systems research program by presenting analytical
tools for predicting the performance of integral collector storage (ICS)
systems in short-term Solar Rating and Certification Corporation (SRCC) system
tests and annually. Additionally, an economic analysis of ICS and drainback
systems, based on consistent cost estimates, provides a comparative means to
evaluate these two systems.

This report describes the work performed under the FY 1984 SERI Task
No. 3002.30, "Solar Space and Hot Water Heating Systems Analysis." The
authors would like to express their appreciation to the following individuals
who provided valuable comments during the review of the document: John Biemer
of the Bonneville Power Administration, Doug Cornell of Cornell Energy
Systems, Sandy Klein of the University of Wisconsin-Madison, Jay McLaughlin of
Servamatic Systems, Dave Robison of the Oregon Department of Energy, Bill
Thomas of Virginia Polytechnic¢ and State University, Rich Wipfler of FAFCO,
and Rob Farrington, Larry Flowers, and Walter Short of SERI.
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SUMMARY

Objective

The objective is to examine new solar domestic hot water (SDHW)/space heating
systems that have the potential for reduced cost, improved performance, or
both.

Discussion

This report describes the work done in FY 1984 in the Solar Energy Research
Institute's (SERI's) continuing effort to identify low-cost systems for domes-
tic hot water and space heating applications that can significantly improve
the delivered energy cost of these systems. We chose to concentrate our
efforts in this work on domestic hot water applications.

In earlier SERI work the advantages of drainback systems for the DHW applica-
tion have been identified. It appears that drainback systems have the poten-
tial for incorporating low-cost components in a more cost-effective and reli-
able system. In this report we have provided updated cost estimates for three
drainback systems: a commercially available system using currently available
hardware, and two lower—cost systems using available low-cost collectors and
low-cost components. We used F-CHART to predict the performance of these
drainback systems so that an overall estimate of their economics could be
obtained.

While there appears to be much promise for low-cost drainback systems, we also
identified other systems that have the potential for low delivered energy
costs. We chose to study the integral collector/storage (ICS) system in this
work because these systems are rapidly increasing in consumer sales and rela-
tively little analytical work was available with which to evaluate their
performance.

In studying the ICS system, we reviewed the various configurations and deter-
mined that the two most common designs were the multiple tank and the single
tank with reflector. These two designs have somewhat different performance
characteristics. The multiple-tank design has a somewhat larger surface area
for heat loss but has better optical performance than the single tank with
reflector. We surveyed ICS system manufacturers to determine the range of
costs involved with design, manufacturing, and marketing of the systems in the
market today. Costs from this survey were used to provide an overall
installed cost estimate for an ICS system. The same costing approach was used
for this exercise as for the drainback system costs.

During the course of this work, a methodology for predicting the long-term
performance of ICS systems was developed at the University of Wisconsin. We
used this methodology to predict the annual performance of the same ICS system
for which costs were developed. At the same time, a simple model for ICS per-
formance was developed and applied to predict the performance of ICS systems
in the Solar Rating and Certification Corporation (SRCC) 200-82 test standard.
Taking design data for ICS units that had already been tested under this
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standard, we attempted to determine the simple model parameters that could
predict the SRCC test results. These parameters, which are basically the same
as those for the long-term methodology, can then be used to predict long-term
performance.

With both cost and performance data for ICS and drainback systems, an economic
analysis was then conducted. We chose to use discounted payback as the figure
of merit for economics. This was done to be consistent with previous SERI
studies and because of its relative simplicity. In addition to the initial,
installed cost of the systems, a life-cycle cost for repairs and replacements
was estimated based on some recent work in this area at SERI.

Conclusions

Low-cost versions of drainback systems have the potential to reduce installed
costs by almost 40%Z over optimistically priced, commercially available sys-
tems. If a durable, low-cost, high-performance collector could be developed,
payback periods of slightly under 10 years (versus electricity) would be pos-
sible without tax credits. Further cost reductions would require the develop-
ment of other innovative system concepts.

ICS systems were studied as an alternative to drainback systems for heating
domestic water (but not for space heating). Their attraction lies in their
simplicity; namely, no pump or controller is required, and the entire system
comes in one package. Two basic ICS system designs were studied: a single
tank with reflector and a multiple tank configuration. Two computer models
were developed. One simulates an SRCC-82 system test and allows for ICS model
parameters to be determined from published SRCC test results. A second model
takes these parameters and, using a methodology developed at the University of
Wisconsin, predicts annual performance.

The ICS simulation results indicate that attempts to reduce overnight losses
by lowering the loss coefficient can unfortunately be offset by even small
corresponding reductions in optical efficiency. In comparing the two ICS
system types (single versus multiple tank), the single tank system has lower
heat losses due to a smaller tank area, but a lower optical efficiency due to
the presence of the reflector. In terms of annual performance, neither system
design emerged as a clear winner, although additional concentration is pos-
sible with the single tank design (at an added cost).

The optimum tank volume (system capacitance) was found to be dependent on draw
profile. For a continuous draw, performance at any given aperture area is
completely independent of tank volume. (If the energy balance equation for a
constant draw 1s integrated over time, the storage mass appears only in the
tank internal energy term, and this term can be considered negligible over
long periods such as a month.) Draw profiles characterized by an average draw
temperature less than the average tank temperature (e.g., night draw) benefit
from larger tanks, which have a smaller diurnal temperature variation. Con-
versely, a draw profile weighted to the daytime would do better with smaller
tank sizes (although as with other active systems, if the tank is too small,
collector efficiency suffers during nondraw conditions). A complete study of
this issue was not attempted.
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A survey of ICS manufacturers revealed that system costs per unit area are
only slightly less than those of other active systems on the market. Compared
to flat-plate collectors, ICS units are considerably more expensive per unit
area. While the overall cost for a typical ICS system may be less than for a
typical drainback system (e.g., comparing the ICS to the commercial
drainback), the ICS system does not deliver as much energy. An economic com-
parison showed that the ICS system has a shorter payback than the commercial
drainback system and about the same payback as the low-cost drainback system.
It must be pointed out that the low-cost drainback system has not been tested
or commercially developed and that the costs estimated for the ICS system were
taken from the optimistic end of the cost range from the manufacturers'’
survey.

If a high-performance, low-cost, flat-plate collector could be developed with
a system cost similar to the low-cost system evaluated in this report but with
the performance of the commercial system, then the overall economics are
improved considerably.
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SECTION 1.0

INTRODUCTION

1.1 BACKGROUND

Residential and commercial building space conditioning and water heating
account for more than a third of the nation's total energy consumption (SERI
1981) and therefore represent a significant target for energy displacement.
The development of solar technology for active space conditioning and hot
water systems has progressed to the point that, with the financial aid of tax
credits, there are a significant number of commercial and residential systems
in operation.

As stated in the National Active Solar Heating and Cooling (AHAC) Program Five
Year Research Plan (1985):

The Federal Government has established a goal in the area of
energy to encourage the provision, both today and over the long-
term future, of adequate, reliable and reasonably priced energy
supplies. The role of the Federal Government in achieving this
goal is primarily one of fostering a technical and economic envi-
ronment that encourages private initiative and promotes efficient
use of the nation's energy and economic resources. The Active
Solar Heating and Cooling Program is primarily concerned with
research and development to establish viability and readiness for
the commercial market. Specifically, this is expected to con-
tribute a significant share of energy supplies for building appli-
cations.

The current viability of commercially available active heating and hot water
systems is largely a result of substantial federal and state income tax
credits. Without tax credits, there is little hope for significant energy
displacement with current technology and cost,. To achieve greater market
acceptance of active solar systems, industry and government are pursuing the
development of systems that will substantially reduce delivered energy cost.
Considerable effort in research, development, and production of low-cost solar
domestic hot water (SDHW)/space heating hardware has already been conducted
with some success. For example, several manufacturers have developed a pro-
duction capability for collectors that sell at $75/m? ($7/ft?) to distributors
and dealers. However, the state of the art is far from economically com~
petitive and there is a need for continued research to formulate, analyze, and
test innovative approaches, concepts, techniques, and hardware that have the
potential for substantially reducing delivered energy costs. Clearly, incre-
mental improvements in delivered energy costs will not be enough to achieve
the goal of economic viability.

From 1981 to 1983, SERI undertook a study to develop low-cost collectors and
systems that identified many new ideas with good potential to significantly
reduce system cost (Kutscher et al. 1984). A primary conclusion of this work
was that the greatest potential cost reductions for pumped systems are pos-
sible with a drainback liquid DHW/space heating system. Few wvalves are
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required and no automatic valves, which are prone to failure, are necessary.
According to a comparison by Argonne National Laboratory (1981), drainback
systems have approximately a 40% greater mean time between failures than do
drainout systems. It is the relatively simple design of drainback systems
that increases overall reliability. Freeze protection is fail-safe as long as
proper installation techniques are employed. Water can be used as the working
fluid with 1its inherent advantages. If load-side heat exchangers are
employed, then low-cost collectors and unpressurized storage tanks can be
used. This last item provides the low-cost potential of the drainback system.
Use of low-cost collectors, plastic pipe, and low-cost storage coul 51gnif—
icantly reduce current installed system costs of over $540/m? ($50/ft%). How-
ever, if tax credlts are dls%}lowed, the study concluded that installed costs
must drop to $110/m ($10/ft“) to provide a 40% market penetration for resi-
dential all-electricity customers. This corresponds to a five-year payback
based on the performance assumptions in the study.

Although drainback systems have been investigated in some detail at SERI, and
many installers in the field have gained experience with them, several
research issues still remain to be resolved before drainback systems move com—
pletely out of the scope of AHAC program work. These primarily include com-
ponent-related issues such as optimum design of collector-side and load-side
heat exchangers; performance of polybutylene pipe under actual conditions}
pressure limitations in unvented, closed-loop drainback systems; corrosion in
vented, closed-loop systems; evaporation in vented systems; effect of boiling
and subsequent increased pressure when filling a hot, stagnated collector; and
performance of a pumped loop between the solar and auxiliary tanks (in two-
tank systems). Although the resolution of these issues will result in better
performing, more reliable drainback systems, cost remains a barrier to large
market penetration.

The Active Program Research Requirements (APRR) study (Scholten and Morehouse
1983) drew a similar conclusion, although in a different form. It shows
that residential liquid heating/hot water systems have optimistic cost-to-
cost-goal ratios in excess of 2:1. Additionally, significant real fuel esca-
lation rates are required if these systems are to become competitive by the
year 2000. Of the 12 systems ranked, liquid heating systems, including drain-
back, received the highest evaluation in the APRR study of all residential
systems. The need for new ideas and projects was also specifically identified
in the APRR study, as many system concepts were not included in the process
because of a lack of available information and analytical models. It 1is
therefore important to address innovative concepts and systems that have the
potential for large cost advantages over currently available active systems.

An ideal innovative system that would solve the economic barriers would have
the following characteristics:

e Reliability

o Few components

e Simple installation

e Potential for mass production

e Low installed or life-cycle cost
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e No parasitic power requirements

e Efficiency comparable to drainback systems.

Our survey of possible systems identified the integral collector/storage (ICS)
system as meeting many of these criteria (for DHW-only applications),
including few components (a tank, a glazed box, and plumbing); simple instal-
lation (nominally, roof mounting with pipes to the mains and the conventional
water heater); potential for mass production (the integral nature of ICS
systems lends itself to mass production); and no parasitic power requirement
(no pump). Current costs of ICS systems vary widely, but there is a potential
for systems to be very cheap if they are mass-produced and if installation
procedures are streamlined.

ICS systems are new in the market compared with other domestic water heating
technologies. Analytical tools for predicting both instantaneous and annual
performance are scarce. While ICS systems are becoming more common in the
marketplace, a large variation in installed costs exists, which makes
straightforward comparisons difficult without further evaluation.

Other systems may also meet the criteria for lowering delivered energy costs
for domestic hot water applications. These include the many variations on the
thermosiphon system: wunitary (both with and without a boiling working fluid)
and the more traditional system with separate components.

1.2 OBJECTIVE

Because funds and personnel were limited, we chose to focus our attention on
the comparison between drainback and ICS systems. Since ICS systems appear to
have potential for greater cost-effectiveness than drainback systems, the
primary objective of our present work has been to review and update the per-
formance and cost data for drainback systems and to assess the performance and
cost potential of ICS systems. This information will then be used to compare,
using the same criteria, drainback and ICS system cost-effectiveness.

1.3 APPROACH

The approach to accomplishing the stated objective has been to review the
available literature on ICS performance models, develop a modeling capability,
exercise the models to generate performance data, review existing ICS designs,
and establish a consistent cost basis. We have developed a modeling capabil-
ity, beginning with relatively simple models. Although two detailed models of
specific ICS designs are available, they had limited utility in our present
work. A simple ICS model was used to predict performance in an industry
standard systems test. Test data from the systems test were compared with the
predictions in order to partially validate the simple model. The model para-
meters were then used in an annual performance prediction methodology (avail-
able in the published literature) to generate long-term performance estimates
for the ICS designs modeled. A more thorough validation is necessary if we
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are to be completely confident that a simple model can predict long-term per-
formance adequately. To assess existing designs, we received in detail the
current systems in terms of design, cost, and marketing strategy. A survey of
all current manufacturers was conducted to obtain this information. The cost
data were then used to generate an installed-cost estimate using the same
assumptions and categories as those of the previous drainback systems.

With both the performance and cost data in hand, we compared the economics of
both the drainback systems and the ICS systems. This assessment provides a
basis for recommendations for further work in both drainback and ICS systems.

The remainder of this report documents the task work on drainback and ICS sys-
tem performance and cost. Section 2.0 presents the updated cost and perfor-
mance data for drainback systems. Since ICS systems have not been studied
extensively, Section 3.0 is an overview of ICS systems, including a literature
review, design considerations, manufacturers' survey results, and cost esti=-
mates. The standards that apply to ICS systems are discussed in Section 4.0
and a simple model that was applied to one of these standards is developed.
Section 5.0 reviews an annual performance methodology and presents results for
various ICS system designs. This section also compares ICS performance with
drainback performance. Cost and performance data are combined in Section 6.0
using a discounted payback analysis. Conclusions and recommendations are
given in Section 7.0.
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SECTION 2.0

DRATINBACK SYSTEMS

Previous SERI work by Kutscher et al. (1984) on low-cost systems developed
cost and performance data for several drainback system configurations. This
work was based on component and system cost data that are now outdated. Since
the emphasis was on cost reduction and not performance, system performance had
been estimated. We updated both the costs and performance using the latest
available information and design tools. Two different systems were eval-
uated: a commercially available system utilizing standard components and a
high-performance collector, and a low-cost alternative utilizing inexpensive
components and a low-cost, lower-performance ccllector. We chose to develop
cost data based on readily available hardware and not on components that are
either under development or proposed for development.

2.1 SYSTEM CONFIGURATION

A schematic of the system studied in this section is shown in Figure 2-1.
Primary components include collectors [exterior dimensions of 1.22 m (4 ft) by
2.44 m (8 ft) og 3.05 m (10 ft)]; an insulated storage tank with a volume of
0.42 to 0.45 m* (110-120 gal); a 30.5-m (100-ft)-long copper tube heat
exchanger; a differential controller with two sensors; a low-flow, high-head
pump; approximately 30.5 m (100 ft) of system piping with insulation and
weatherized coatings for the sections exposed to the elements; and all of the
necessary valves, fittings, and brackets required to complete the system.

A
load
To loa >
Unpregsurized
storage
. tank
Pump
——Cs__- Cold
water
supply

Figure 2-1. Drainback System with Load-Side Heat Exchange
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The system operates as follows. Morning start-up occurs when the signals from
the sensors tell the controller that useful energy can be collected. At that
point, the pump turns on, and must overcome both friction in the pipe and
static head. Once the fluid has reached point A, a siphon is established (if
certain pipe size and fluid velocity criteria are met), and the power to the
pump is reduced by means of a pump speed controller (Farrington 1983) so that
the flow rate is not excessive and pump power is decreased. The pump contin-
ues to operate at this reduced level as long as useful energy can be col-
lected. Storage tank fluid circulates directly to the collectors, and heat is
delivered to the load via a load-side heat exchanger. This configuration
allows an unpressurized tank to be used that can significantly reduce system
costs. When the controller turns off the pump, fluid in the collector drains
back into the storage tank, providing positive freeze protection should it be
necessary.

2.2 SYSTEM COSTS

To represent a system that could be purchased today, we estimated the costs of
one system using commercially available, high-performance collectors and
conventional balance-of-system components. The other system utilized lower-
cost components (polybutylene pipe, 55-gal drum storage, etc.) that also have
potential installation cost benefits. This system used a commercially avail-
able low-cost collector manufactured by Sealed Air Corp. (model BGI-32), an
inexpensive, low-performance unit typically . wused in pool heating
applications. Collector performance parameters are from SRCC test results
(1983). The low-cost unit did not perform as well or cost as much as the
first collector, a Novan Optima II 48SC.

Costs were developed based on quotes for equipment costs, labor estimates, and
data from Means (1983). Costs found in the APRR catalog were found to be very
high in many cases, compared with cost quotes from local distributors. Addi-
tionally, costs for the same item quoted by different suppliers often varied
considerably. In all cases, we used the most favorable costs. Labor costs
were dependent on both labor hours and rates. It was difficult to estimate
the amount of installation time for the various components in the systems we
costed. Some data on collector installation requirements and skill levels
(hence hourly rates) were reported by Means (1983); otherwise, labor figures
are based on our best judgment. System costs are detailed in Tables 2-1 and
2-2 for the commercial system and for the low-cost, low-performance system.
Nearly a 40% reduction in cost is expected for the low-cost system compared
with the commercial system. On a cost-per-unit-area basis, the resulting
costs are $540 m? ($50/£t“) and $270/m2 ($25/ft2) for the commercial and the
low~cost system, respectively. Since the balance-of-system comparison on a
cost-per-unit-area basis does not give particularly meaningful results, com-
parisons on this basis with other solar technologies are not appropriate.
Evaluations between alternatives must include performance. A cost percentage
breakdown by category is given in Table 2-3. The cost of the commercial
system is probably optimistic, especially when compared with actual installed
system costs. Differences are due primarily to the influence of tax credits
and low volume, which tend to inflate the overhead and profit categories at
the dealer level. Overhead and profit percentages used in our estimates
represent what would more typically be found in an established product market.




Table 2-1. Cost for Commercial Drainback System

Total Labor

Equioment Cost Labor Rate Cost
ap $) (h) ($/h) (5)
Collectors, 1.22 m x 2.44 m (4 ft x 8 ft) 923,24 2.1 18.7 50.49
2 at $461.62 (Novan 48SC)
Brackets, 2 each 50.00 - - -
Storage tank, insulated, 454 L (120 gal) 300.00 2.0 18.7 37.40
Heat exchanger, 30.5 m (100 ft), 1.9-cm 67.00 1.0 18.7 18.70
(3/4-in.) copper tube
Pump, Taco 009BF, 6.1-m (20-ft) head 123.45 1.0 18.7 18.70
at 7.7 L/min (2 gpm)
Controller and sensors 54.14 2.0 18.7 37.40
Valves, 2 ball-type 15,00 1.5 18.7 28.05
Piping, 1.9-cm (3/4-in.) copper, 67.00 7.0 18.7 130.90
30.5 m (100 ft)
Pipe insulation, 1.9-cm (3/4-in.) wall 65.00 7.0 18.7 130.90
Fittings | 20.00 4.8 18.7 89.76
1,684.83 542.30
1,684.83
Total labor and materials 2,227.13
Labor paid by general contractors (21%) 113.88
Sales tax (6%) 101.09
2,442.10
GCeneral contractor overhead (15%) 366.31
2,808.41
General contractor profit (15%) 421.26
Total system costs 3,229.68
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Table 2-2. Cost for Low—Cost, Low-Performance Drainback System
Equi pment Cost Labor Rate 'l‘otaclosl;:abor
quip ($) (h) ($/h)
($)
Collectors, 1.22 m x 3.05 m (4 ft x 10 fr), = 404.00 2.7 18.7 50.49
2 at $202.00 (Sealed Air BGI-32)
Brackets, 2 each 50.00 - - --
Storage tank, insulated, 208-L (55-gal) 58.00 3.0 18.7 56.10
drums '
Insulation for tanks, 0.17-m (6-1/2-in.) 15.00 1.0 18.7 18.70
F. G., rigid foam bottoms
Heat exchanger, 30.5 m (100 ft), 1.9-cm 67.00 1.0 18.7 18.70
(3/4-in.) copper tube ‘ ‘
Pump, Taco 009BF, 6.1-m (20-ft) 123.45 1.0 18.7 18.70
head at 7.7 L/min (2 gpm)
Controller and sensors 54.14 2.0 18.7 37.40
Valves, 2 ball-type 15.00 0.75 18.7 14,03
Piping, 1.9-cm (3/4-in.) polybutylene, 31.00 5.0 18.7 93.50
30.5 m (100 ft)
Pipe insulation, 1.9-cm (3/4-in.) wall 65.00 7.0 18.7 130.90
Fittings 10.00 2.0 18.7 37.40
892.50 475.92
892.59
Total labor and materials 1,368.51
Labor paid by general contractors (21%) 99.94
Sales tax (6%) 53.55
1,522.01
General contractor overhead (15%) 228.30
1,750.31
General contractor profit (15%) 262.55
Total system costs 2,012.85
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Table 2-3. Cost Percentage by Category for the Two Drainback Systems (%)

Category
System
] Overhead
Collectors Equipment Labor Tax and Profit
Commercial 29 24 20 3 24
Low=cost 20 24 29 3 24

Using lower—cost collectors causes labor rather than collectors to be the
largest cost category. However, the absolute value of labor costs is somewhat
lower for the low-cost systems, owing primarily to the ease with which the
polybutylene pipe is installed. Additional cost reductions in the collector
and labor categories are possible, but somewhat limited. Equipment costs
could be reduced with high-volume purchasing, or by simplifying the system so
that fewer components are needed. Further significant reductions of equipment
cost may be difficult to achieve without packaging the low-cost, balance-of-
system components in some manner.

2.3 SYSTEM PERFORMANCE

Performance of each system was predicted using F-CHART version 4.1 (Mitchell
et al. 1980). Because F-CHART cannot model a load-side heat exchanger system,
the performance values were calculated for a system with collector-side heat
exchange. This modification results in comparable performance predictions as
long as our system has a heat exchanger large enough to permit it to match the
heat transfer of the collector-side system in the F-CHART model. The hot
water load is based on a 300-L/day (75-gal/day) use, a set temperature of 50°C
(122°F), and a water mains temperature of 11°C (52°9F). Collector areas are
based on the typical size and number of collectors for residential DHW systems
sold today. System parameters for both cases are shown in Tables 2-4 and 2-5.
Performance results are given in Section 6.0 in the economic comparison with
ICS systems.
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Table 2-4. F-CHART Parameters for the Commercial Drainback System

Collector Parameters

cl
c2
c3
cs4
c5

cé
C7
cs8

Collector area

FR-UL product

FR-ta (normal incidence)
Incidence angle modifier constant
Collector flow rate x

specific heat/area

Collector slope

Collector azimuth

Ground reflectance

Collector-Store Transfer Parameters

Tl

T2
T3

EPS-CMIN of collector-store
HX/collector area

UA of collector inlet pipe or duct
UA of collector outlet pipe or duct

Storage Unit Parameters

Sl
S2
S3
S4
S5
S6

Load
L3
L4
LS

Tank capacity/collector area
Storage unit height/diameter ratio
Heat loss coefficient

Environment temperature (-1000 for TENV = TAMB)

Hot water auxiliary tank UA

Hot water auxiliary tank environment temperature -

Parameters

Hot water use

Hot water set temperature
Water mains temperature

Auxiliary Parameters )
A3 Hot water auxiliary fuel (1 = Gas, 2 = Elec, 3 = 0il) 2

A4

Auxiliary water heater efficiency

5,95 m? (64.0 £t2)

4.50 W/m¢ °C (0.79 Btu/h ft2 OF)
0.77
0.23

70.00 W/m? °C (12.3 Btu/h £t2 ©°F)
Lat
0.00°
0.20

70.00 W/m? °C (12.3 Btu/h ft2 OF)
00.0 W/°c
0.00 wW/°

350.00 kJ/m? °C (17.1 Btu/ft2 ©OF)
2.00
0.50 W/m? °C (0.088 Btu/h ft2 OF)
20.0°C (68°F)
0.00 wW/°C
20.00°C_(689F) -

300.00 L/day (79.3 gal/day)
50.00°C (122°F)
11.00°%C (51.8°F)

10
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Table 2-5. F-CHART Parameters for the Low-Cost, Low-Performance Drainback System

Collector Parameters

Cl Collector area 7.43 m? (80.0 ft?)
C2 FR-UL product 7.90 W/m?°C (1.39 Btu/h £t °F)
C3 FR-ta (normal incidence) 0.67
C4 Incidence angle modifier constant 0.19
C5 Collector flow rate x specific heat/area 70.00 W/m2°C (12.3 Btu/h £t OF)
C6 Collector slope Lat
C7 Collector azimuth 0.00°
C8 Ground reflectance 0.20
Collector—-Store Transfer Parameters
Tl EPS-CMIN of collector-store HX/collector area 35.00 W/m? °C (6.17 Btu/h ft2 °F)
T2 UA of collector inlet pipe or duct 0.00 W/°C
T3 UA of collector outlet pipe or duct 0.00 W/°c
Storage Unit Parameters
S1 Tank capacity/collector area 350.00 kJ/m? °C (17.1 Btu/ft2 °F)
S2 Storage unit height/diameter ratio 2.00
83 Heat loss coefficient 0.50 W/m? °Cc (0.088 Btu/h ft2 °F)
S4 Environment temperature (-1000 for TENV = TAMB) 20.0°C (68°F)
S5 Hot water auxiliary tank UA 0.00 W/°C

S6 Hot water auxiliary tank environment temperature 20.00°C (68°F)

Load Parameters.

L3 Hot water use 300.00 L/day (79.3 gal/day)

L4 Hot water set temperature ' 50.00°C (122°F)

LS Water mains temperature 11.00° (51.8°F)
Auxiliary Parameters

A3 Hot water auxiliary fuel (1l = Gas, 2 = Elec, 3 = 0il) 2

A4 Auxiliary water heater efficiency 1.00

11
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SECTION 3.0

ICS SYSTEM OVERVIEW

3.1 LITERATURE REVIEW

Integral collector/storage (ICS) systems have been in use for many years, in
the United States as well as around the world, but surprisingly little analy-
sis existed until the 1970s. Although the concept is quite simple (most
systems consist of a tank or series of tanks inside of a glazed, insulated
box, plumbed in-line with the cold water supply), a thermal performance analy-
sis of ICS systems is complicated because it is difficult to separate the
contributions of the glazing, the absorber surface, hydrodynamics of the fluid
in the tank, and the insulated box, particularly in view of the vast number
and wide variety of system configurations that are currently available. As
part of our assessment of ICS systems, we conducted a comprehensive literature
survey of analyses pertaining specifically to ICS systems as well as more
general studies of heat transfer for configurations found in ICS systems.

The first patents for ICS water heaters were issued in the late 1800s, and
many systems based on the early designs were built in southern California and
Florida. Perhaps the earliest publication describing ICS systems was an
article that appeared in a Berkeley Agricultural Research Bulletin by
F. A. Brooks (1936). This .bulletin documented what had. been. understood _for
some time; that is, that water heating could be achieved very simply by plac-
ing a container of water in the sunlight. Passive water heaters gained popu-
larity during the early twentieth century, particularly in hot, sunny
climates.

More recently, beginning in the mid-1970s, a renewed interest in ICS water
heaters arose. One design that 1is often cited is the Zomeworks system
designed by Steve Baer (1978). The Zomeworks Breadbox system consists of a
horizontal tank within an insulated, rectangular box that has the top and
south faces double-glazed. The insulated box lid and south-facing side (door)
of the box are manually opened each morning. Reflective surfaces on the
inside of the door and 1id reflect additional radiation onto the black tank.
At night, the lid and door are closed to minimize night heat losses.

Another class of ICS systems, aimed at reducing night sky radiation losses as
well as convective losses, is the inverted configuration, in which the glazing
faces downward and incident radiation is reflected into the tank. Stickney
(1984) described several inverted ICS systems, including three snail-type
designs. Because of their large and somewhat cumbersome form, inverted sys-
tems may have limited application.

Burton and Zweig (1981) studied side-by-side performance of two identical
inclined-tank ICS systems with various glazing treatments, tank treatments,
and interior collector surfaces. They concluded that a selective surface on
the tank provided a greater efficiency improvement than any of the other
options examined, but the duration of their experiments was rather brief.

12
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.Bishop (1983) described a batch-type water heater that was specifically devel-
oped for freezing climates. It incorporates high levels of insulation RSI¥* 7
(R-40), a multiple-glazing system of low-iron glass and high transmission
films, and two 170-L (45-gal) tanks with selective surfaces within an
involute-curved reflector. Polybutylene pipe is used for all exterior piping
and is covered with RSI 4.5 (R-25) insulation. Performance monitoring of this
prototype was very limited, and a rigorous analysis of system performance was
not undertaken. However, it appears that many of the design features of this
system are appropriate choices for a freezing climate.

Reichmuth and Robison (1983) developed a simulation method for ICS systems
using a thermal network approach and described a simplified test procedure to
experimentally determine the model parameters. Robison (1984) described a
simplified procedure to take standard system test results and adjust them to
any other location. '

Cummings (1983) described a simulation model of an ICS system that is similar
in design to a Gulf Thermal Progressive Tube, in which there are several small
tanks (tubes) plumbed in series within a glazed box. The tanks are assumed to
completely fill the aperture. His model allows hour-by-hour simulation of
thermal performance and takes into account solar gain, heat losses to the air
and night sky, and the internal heat transfer for the system under consid-
eration. The model is flexible enough to allow a variety of parametric
studies.

Cummings looked at the number and clarity of glazings, number and volume of
tanks, box insulation, night insulation, absorber emissivity, and load
schedules. The model is appropriate only for the configuration modeled, and
does not specifically compute hydrodynamic interactions of the fluid within
the tanks. From his analysis, Cummings made several conclusions. He found
that the system he modeled was only slightly less efficient (from 3% to 15%
less) than an active SDHW system, based on comparison with F-CHART runs in the
same locations for solar savings fractions from 0.27 to 0.64. A system with a
selective surface was always more efficient and more cost-effective than a
system with a nonselective surface, and single glazing was more cost-effective
except for high solar savings fractions in cold climates. Freezing appeared
to be much less of a problem than had been anticipated for batch heaters.
Single glazing with a selective surface was found to prevent a system from
freezing in Washington, D.C., or milder climates, and a double-glazed system
with selective surface was sufficient to prevent freezing in all climates
modeled except Bismarck, N. Dak. Adding R-9 night insulation substantially
improved performance for all locations and eliminated freezing of the single-
glazed system for all climates. A draw schedule weighted toward the morning
caused a 10%Z-15% performance penalty, while an evening-weighted draw improved
overall performance by 5%Z-10%Z. Economic analyses by Cummings show relatively
high rates of return on investment (13%-25%) but are based on 40% tax credits.

The work of Lindsay and Thomas (1983 and 1984) resulted in a detailed model of
an ICS configured with a single, horizontal tank in a reflective enclosure.
The primary purpose of their work was to examine alternatives to then-current

*R-value expressed in standard SI units of m? 9C/W.
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system test methods for ICS systems. Specifically, they investigated the pos-
sibility of using an in-line heater to substitute for a solar simulator that
is required by the current industry standard. Their single-node model was
based on the Cornell 360 design. The model was developed to compare experi-
mental results with predictions for both stratified and mixed-tank experi-
ments. They found experimentally that forced circulation made little dif-
ference compared with stratification in daily energy collection efficiency.
They limited their experiments to only no-draw and noon-draw profiles. How-
ever, they obtained very good agreement using the single-node model for all
experimental data. They concluded that using a mixed mean temperature in the
model was adequate to characterize the ICS system they tested.

A TRNSYS model of an ICS system with a single horizontal tank inside a reflec-
tive box, similar to the Cornell 360 system, was developed by Zollner
(1984). He used the TRNSYS model to develop a correlation method that pre-
dicts (within the range of parameters studied) annual performance of ICS sys=-
tems. The annual prediction procedure requires as inputs a heat loss coef-
ficient, an effective optical efficiency, the system size, monthly weather
data, and monthly average hot water draw. The system parameters may be the
result of a test, or they may be presumed or desired properties of the ICS
system being modeled.

The most common configuration for an ICS system is a horizontally oriented
tank or a series of tanks. Therefore, we reviewed the literature in which the
heat transfer of fluid in a heated, horizontal tank has been examined. Young
and Baughn (1981) observed vertical temperature gradients in horizontal stor-
age tanks and proposed a one-dimensional model for stratification in' the tank:
that allows some degree of mixing at the inlet and outlet boundaries. Agree-
ment with experimental results was reasonable for temperatures near the tank
top, but bottom temperatures deviated from predictions. They observed signi-
ficant mixing within the tank when fluid was withdrawn unless a diffuser
manifold was placed on the make-up water inlet.

Liburdy (1982) examined natural convection of fluids within a horizontal
cylinder having uniform wall heat flux. He found that a modified Rayleigh
number could be used to correlate heat transfer data within the cylinder for
the range of parameters used in his investigation. The limitation of this
work lies in the assumption of uniform wall heat flux, which is not the case
for an ICS system. Kee (1974) developed numerical techniques to predict two-
dimensional transient natural convection heat transfer within a horizontal
cylinder. The methods solve the full momentum (Navier-Stokes) and thermal
energy equations and are general enough to accommodate completely arbitrary
boundary conditions (within the assumption of two-dimensional flow). Thus,
the asymmetric case where only a portion of the tank circumference is heated
(as in an ICS system tank) may be solved with these methods. The most general
analysis would result from using a full three-dimensional Navier-Stokes solu-
tion such as is available with the Argonne-developed code COMMIX (Domanus
et al. 1983). We have obtained documentation and a user's manual for COMMIX
and are evaluating the potential benefits that may result from this level of
analysis.
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3.2 DESIGN CONSIDERATIONS

ICS systems are typically configured as either a single tank with circumferen-
tial glazing, a single tank in a glazed box with a reflector, or multiple
tanks in a glazed box butted together as shown in Figures 3-1, 3-2, and 3-3.
Figure 3-4 shows a system with a half reflector placed below the tank in such
a fashion that convection losses are minimized. If the solar radiation can be
intercepted by another surface and then transferred to the tank by means of
conduction or convection, the tank can be heavily insulated as shown in Fig-
ure 3-5. In a unitary thermosiphon heater the flat portion could be a con-
ventional flat-plate collector containing the potable fluid or antifreeze
(necessitating a heat exchanger). Alternatively, a bank of heat pipes could
be used.

All of these systems have several things in common. The collection and stor-
age devices, though not always one and the same, at least come together in a
single package. No controls, pumps, or parasitic energy are required. Other
than the piping to the conventional system, no other hardware is required. In
each case, potable water is stored outside of the living space where thermal
losses and freezing danger occur.

We will focus our attention on the two most common ICS designs (shown in Fig-
ures 3-2 and 3-3): a single tank with a reflector and a multiple-tank unit.

3.2.1 Single Tank with Reflector

A simple involute. reflector in a single-tank design will distribute solar
radiation from 180° full acceptance angle onto the entire tank circumference
in an ideal case (i.e., tank is end supported). The tank can be mounted
vertically or horizontally, though the former orientation would probably
result in better stratification. Thus, if the tank has diameter D, the ideal
aperture width will be 1D. Continuation of a compound parabolic-shaped
reflector above the level of the tank can supply perhaps 10%-20% more energy
(1.1-1.2 concentration ratio) but the lowered acceptance angle would require
horizontal mounting, result in higher reflector cost, and require a deeper
enclosure with resultant cost and aesthetics problems. For purposes of this
simple analysis, we will just assume an ideal involute reflector.

As with any solar hot water system, there will be an optimum ratio of storage
volume to collector area. For now we will just use '"S" to represent this

number.

Taking reflector width as W, tank diameter as D, and tank length as L,

wD 2L
tank volume _ 4 =3 (3-1)
aperture area WL
2
w=%.ls2_, (3-2)
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Figure 3-1. Simple Glazed Tank Figure 3-2. Single Tank with Ideal

Involute Reflector
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Figure 3-3. Multiple Tanks Butted Figure

3~-4. Single Tank with Half
Together

Reflector
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For the involute reflector, W

= 7D
2
=D -
2 mD = Z 3 (3-3)
3 D =4S .

3.2.2 Multiple Tank

If we consider a multiple-tank
design with n tanks each of diameter
D butted together, the aperture
width W is just nD.

mrD2

tank volume _ % L _ -
aperture area nDL S (3-4)

(r/4)D =5

D=1.275s .
Figure 3-5. Unitary Thermosiphon

System Here there is no limitation on the
width of the device since any number
' of tanks yields the same value of S.
Thus, a 2.4 m x 1.2 m (8 ft-x 4 ft) device could be built without deviating
from the optimum value of S. It is interesting to note that as tank diameter
for a butted configuration is varied, the exposed area for heat loss remains
constant at 8mWL/2, or 1.57 WL (compared with WL for a single tank with
reflector), assuming that only the upper hemispheres are exposed. (If the
aperture width is W, each tank would have a diameter of W/n for a total

exposed surface area of 1/2 x n x m x WL/n = aWL/2.)

3.2.3 1ICS Heat loss

One disadvantage of ICS systems compared with pumped systems is that the water
is stored outside the building envelope and can lose more heat overnight. If
we assume a simple exponential decay of the bulk fluid temperature (with no
draw and constant amount temperature), then the loss overnight will be a func-
tion of the thermal capacitance, the initial temperature difference, and the
thermal loss coefficient. It will be shown later that for a well-designed ICS
system with typical values of G, the overnight losses (and overall perfor-
mance) are not a strong function of the capacitance. It is clear, however,
that a reduction in the loss coefficient will result in lower overnight losses
and better overall performance for an ICS system. If the tank temperature at
the end of the day is low due to a draw, the overnight loss will be lower.
Thus, an ICS system can be expected to perform better if the usable heat is
extracted by late afternoon or early evening.

In analyzing an ICS system it is not clear what heat transfer coefficient
should be used inside the tank and whether it is important to consider. Let
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us first compare the thermal resistance between the tank wall and ambient to
that between the wall and tgnk fluid. A well-designed ICS unit might have a
loss coefficient Uy of 2 W/m?K (0.35 Btu/h ft? OF).

Coefficients for heat transfer from a warm cylinder wall to a cool interior
fluid are not readily available in the literature. Since the tank is rela-

tively large, however, we will approximate this with a vertical warm wall.

A typical heat transfer correlation for turbulent natural convection on a
heated, vertical wall (Chapman 1974) is

1/3
BATpc k2
hf = 0.129 (%L—-jrll—-) . (3-5)

Note that the characteristic length does not appear in the turbulent range due
to the 1/3 power dependence of the Nusselt number.

Taking the wall temperature as 60°C (140°F) and the average fluid temperature
as 37.8°C (100°F) [the average of a 15.6°C (60°F) supply temperature and the
wall temperature] and using properties for water at 49°C (120°F),

hg = 1007 W/m?K . (3-6)

Obviously the thermal resistance between the tank wall and the environment
greatly exceeds that between the wall and the fluid. The overall heat loss

will then be <controlled by the resistance between the~ tank -and -the " -

environment.

If we assume no significant change in physical properties with changes in tem-
perature, then we can separate the effect of AT in the heat transfer
coefficient:

he = 572 aT!/3, aT in % . (3-7)

Now compare the energy flux on the tank w 311 to the inside film coefficient.
If we assume a peak solar flux of 950 W/m“ (300 Btu/h ft“) and an_efficiency
of 50%, the peak, net flux into the fi?ﬁd is 475 W/m? (k?g Btu/h ft2). On the
other hand, our inside flux is 572 AT x AT or 572 AT Setting these two
equal we obtain a temperature difference of only 0.9°C (1.6 F). Thus, even if
we have overestimated the film coefficient by, say, a factor of 2, it would
mean that the absorber would run only 0.6°C (1.8°F) hotter [AT = 1.5°
(2.6°F)] at peak conditions and even less than that at average conditions with
little effect on efficiency. Regardless of the tank temperature, the bulk
fluid energy gain will be limited by the available solar radiation, not inter-
nal convection. We have assumed turbulent flow inside the tank in this analy-
sis, but even if this is not the case, the limiting thermal resistance will be
between the tank wall and the environment.

ICS systems are protected from freezing to a certain extent by the large mass

of water contained in these units. In very cold climates, immersed heaters or
electrically operated shutters can be used to protect the tank. One area of
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concern expressed by manufacturers, however, is the problem of the connecting
pipes freezing. A possible solution we have identified is to include a ther-
mosiphon bypass loop in the piping that will allow tank fluid to move into the
connecting pipes.

Figure 3-6 shows a conventional ICS plumbing layout. Figure 3-7 shows the
inlet pipe at the top, the outlet pipe at the bottom, and a bypass with a
check valve located near the storage tank (i.e., at room temperature).
Whenever a load is drawn, these two systems behave the same way. When no load
is being drawn, no flow occurs in the conventional system. The thermosiphon
bypass system, however, will experience clockwise thermosiphon flow through
the bypass loop whenever there is no load flow and the ICS tank is below room
temperature. Thus, at night the exposed supply and return pipes will be kept
near the ICS tank temperature. As long as the pipes are very well insulated
this will not result in significant heat loss. The challenge in using this
technique is to do it in a fashion that does not disrupt tank stratification
during the day. Using long dip tubes may work, although small holes in these
tubes may be needed to accommodate thermosiphon flow. It is assumed in this
scheme that if the ICS tank is above room temperature, the short lengths of
exposed connecting pipe will be sufficiently warmed by conduction. A
disadvantage of this idea is that the tank inlet and outlet pipes must connect
at opposite ends of the tank.

$
3
\
Hot water Hot water
suppl
supply T - ppty
Cold
water
) supply

Figure 3-7. Plumbing Arrangement to
Figure 3-6. Typical ICS Plumbing Help Protect Outdoor
Layout Pipes from Freezing
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3.3 MANUFACTURERS' SURVEY

In order to gather as many data as possible concerning the current market for
ICS systems we conducted a survey of manufacturers. In our survey, we con-
tacted 19 manufacturers or distributors, either by telephone or mail. Of
these, ten responded in some detail. We asked questions covering marketing,
design, and cost issues. A copy of the survey form is included as Appendix B
in this report. To maintain the confidentiality requested by many manufactur-
ers, no listing of manufacturers' names or other identifying data is given in
this report. Only the range of costs in the various categories is discussed.

The cost data obtained were the most quantitative of the responses in the sur-
vey. We asked for cost data in three categories, including costs for produc-
tion, distribution, and installed cost to the consumer. Consumer cost was for
the ICS unit alone; i.e., not installed. Each of these cost categories was
broken into absolute cost, cost per unit area, and cost per unit dry weight.
The per—unit-area and per—unit-weight costs were calculated in an attempt to
find a measure that might allow for a common basis for comparison or normali-
zation of the cost data.

Few of the manufacturers gave their manufacturing costsj; however, most were
willing to give dealer costs. Costs to the consumer were obtained if the unit
could be sold separately (from installation) to the consumer. Installed
costs, if given, were usually estimated, reflecting the lack of control most
manufacturers have on this category. Relatively few of the manufacturers were
also installers.

The absolute manufacturing costs had a wide range, from a minimum of $200 to a
maximum of $700. Since the units are of varying sizes, a comparison on a per-
unit-area or weight basis Es probably more appropriate. Costs per unit area
vary from $150/m¢ to $276/m“ ($13.9-$25.6/ft“). This is a much narrower range
than the absolute costs. On a per-unit-weight basis, the range 1s even
narrower, from $4.7/kg to $5.6/kg. This indicates a fairly uniform cost
parameter, which is probably not related to performance.

Dealer costs were the most frequently obtained in the survey. These costs
were sometimes a function of the number of units delivered. Abaplute costg
ranged from $359 to $1000. Per-unit-area costs varied from $286/m“ to $438/m
($26.6-540.7/£ft“). On this basis, the costs are somewhat normalized, but
still represent a wide range. On a per-unit-weight basis, the range is
$6.4-$10.9/kg ($2.9-%$5.0/1b). This is still a wide range, but there are a
number of manufacturers whose cost per unit weight is around $7/kg
($3.2/1b). The sample is not large enough to draw any conclusions based on
averages, however.

Very few responses were received for the consumer cost of an ICS unit it-
self. The unit costs ranged from $1000 to $1700, with per-unit-area costs of
$476-$773/m? ($44.2-$71.8/£t2). The cost per unit weight ranged from $14.1/kg
to $15.9/kg ($6.4-%7.2/1b).

The increase in cost from the manufacturer to the dealer ranged from about 30%
to over 130%Z. This represents a wide range in marketing, overhead, and profit
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margins for these manufacturers. From dealer to consumer, for the ICS unit
itself, the markup ranged from a low of near 30% to a high of over 115%.
Markup obviously varies tremendously among manufacturers.

One overall conclusion we can draw from these survey data is that absolute
costs vary widely. The range of costs narrows somewhat when compared on a
per-unit-area basis. On a per—unit-weight basis, the cost between manufactur-
ers is almost a constant. This may imply that although manufacturers cer-
tainly use various techniques and processes, the costs of manufacturing an ICS
system of a given weight are nearly the same. Thus, if costs are to be
reduced, weight may have to be reduced.

We have used these data to update our installed cost estimate in the same way
that we updated our previous low-cost drainback system cost estimates. How-
ever, we could not assess the performance impacts of cost with these data. It
may be possible to correlate the Solar Rating and Certification Corporation
(SRCC) 200-82 Quer Vvalues for those ICS units tested on a per-unit-area or
weight basis. Unfortunately, the number of manufacturers who both responded
to the survey and had their system tested was insufficient.

In addition to providing valuable cost data, the manufacturers' survey gave us
a great deal of insight into industry problems and needs. The great majority
of the manufacturers contacted did not use computer models, detailed analyses,
or design tools in arriving at their designs. As might be expected, designs
are often based on material availability and durability, not just on perfor-
mance considerations. For example, for one manufacturer who builds his own
tanks to save costs, the tank size is based on using one sheet of 8-ft x 3-ft
stainless steel with one joint. Many manufacturers prefer stainless steel
tanks because of their longer life. ’

Freezing is a concern for the manufacturers in cold climates, and many manu-
facturers voiced a special concern for the freezing of connecting pipes.
Several manufacturers use heat tape or "drip" valves (recommended by one manu-
facturer on both inlet and outlet pipes) that allow city water to flush slowly
through the system and onto the roof to prevent freezing. However, another
manufacturer felt that drip valves waste a great deal of water. Most are
unwilling to provide freeze protection warranties. This is especially true of
the companies that recommend winter draining since they feel they cannot
control their customers' actions.

Many of the manufacturers believed that ICS systems perform better than many
people think they do. They cited the following performance advantages for ICS
systems compared with pumped designs: totally wetted absorber surface, no
additional piping or storage losses during the day, and collection on marginal
days when a pumped system is not operating. In addition, they felt that over-
night losses are most significant if the tank energy is extracted during the
day. One manufacturer expressed a strong interest in seeing detailed computer
simulations that would accurately model ICS performance.

Without exception, manufacturers were interested to learn that SERI is
studying ICS systems. Several expressed this in follow-up letters after the
telephone survey. They appear very willing to critique our work and make
recommendations and should prove a valuable resource for future efforts.
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3.4 INSTALLED COST ESTIMATE

We costed ICS systems using the same assumptions and methodology as those for
the drainback systems (Section 2.2). Using dealer costs for an ICS system
based on the lower end of the cost-per—unit—-area data obtained in our survey,
installed system costs have been generated for a single-unit and a two-unit
system. This information is shown in Tables 3-1 and 3-2.

The most notable item in the tables, in comparison with the earlier cost
breakdowns for drainback systems, 1is the cost of the ICS unit itself. It
appears that ICS units currently cost considerably more than flat-plate col-
lectors. Although the ICS unit cost is high, there are considerably fewer
components in the system. The overall effect is that a two-unit ICS system,
using these estimates, costs slightly less than the low-cost drainback systems
studied previously, and considerably less than a commercial drainback system.

One of the attractions of the ICS systems is their relative simplicity (e.g.,
no pump, no controller or sensors, no electric power requirements, fewer
valves, etc.) compared with pumped systems. This advantage should also apply
to life-cycle costs of operating and maintaining the system. Recently, Short
(1985) has developed a methodology to estimate the present value of life-cycle
repairs and replacements for SDHW heating systems. We have used this methodo-
logy to estimate life-cycle costs of repairs and replacements for both drain-
back and ICS systems. For each component or subcomponent in the system,
several data are required. The mean lifetime and assumed failure probability
distribution are needed, along with discount rate and system lifetime, to

determine-a life—-cycle -cost multiplier. Repair and-replacement costs are-used -

to determine the life-cycle cost for each component or subcomponent. The
total system life-cycle cost is obtained by summing over all components. The
results of this methodology using a 20-yr system life and a real discount rate
of 4% (excludes inflation) are shown in Table 3-3 for both the drainback and
ICS systems. The life-cycle repair and replacement cost is obviously signif-
icant in SDHW systems. For both the drainback and ICS systems, these costs
are over 50% of the installed cost (at this discount rate). ICS systems have
about a 20% advantage over drainback systems in life-cycle repair and replace-
ment costs, and about an 11X advantage in total cost. These results apply
only to the configurations and cost data used in this analysis and should not
be generalized to other conditions.
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Table 3-1. Cost for a Single-Unit ICS System

Cost Labor Rate Total Labor

Equi pment (%) (h) ($/h) Cost

(%)

Collectors, 2 m? 521.5 ft2), 550.00 2.7 18.7 50.49

1 unit @ $275/m
Brackets, 1 each 25.00 - - -
Valves, 1 10.00 0.5 18.7 9.35
Piping, 1.9-cm (3/4-in.) polybutylene, 15.00 2.5 18.7 46.75
15.2 m (50 ft)

Pipe insulation, 1.9-cm (3/4-in.) wall 32.50 2,0 18.7 37.40
Fittings 5.00 1.0 18.7 18.70
637.50 162.69

637.50

Total labor and materials 800.19

Labor paid by general contractors (21%) 34.16

Sales tax (6%) 38.25

872.60

General contractor overhead (15%) 130.89

1,003.49

General contractor profit (15%) 150.52

Total system costs 1,154.01
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Table 3-2. Cost for a Two-Unit ICS System

Cost Labor Rate Total Labor

® RES

Equi pment (%) (h) ($/n) Cost w
(%)
Collectors, 4 m? (43.0 £t2), 1,100.00 5.4 18.7 100.98
2 units @ $275/m?
Brackets, 2 each 50.00 - - -
Valves, 1 10.00 0.5 18.7 9.35
Piping, 1.9-cm (3/4-in.) polybutylene, 15.00 2.5 ‘ 18.7 46.75
15.2 m (50 ft)

Pipe insulation, 1.9-cm (3/4-in.) wall 32.50 2.0 18.7 37.40
Fittings 5.00 1.0 18.7 18.70
1,162.50 213.18
, 1162.50
Total labor and materials 1,375.68
Labor paid by general contractors (21%) 44,1717
Sales tax (6%) 69.75
: 1,490.20
General contractor overhead (15%) 223.53
1,713.73
General contractor profit (15%) 257.06
Total system costs 1,970.79
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Table 3-3. Life-Cycle Cost of Drainback and ICS Systems ($)
(discount rate = 0.04, system lifetime = 20)

System Installed Cost Life-Cycle Cost Total Cost
Commercial drainback 3230 1297 4527
Low-cost drainback 2013 1275 3288
ICS system 1971 1021 2992

(2 units)
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SECTION 4.0

IXDUSTRY TEST STANDARDS FOR ICS SYSTEMS

4.1 SYSTEM TEST PROCEDURES

Many states require that a certification test be performed on sclar domestic
hot water systems before state tax credits can be claimed. Two industry
organizations have developed certification programs to meet these require-
ments. The most widely used industry standard for certifying and testing
water heating systems is the SRCC Standard 200-82 (SRCC 1983). The other
program was developed by the Air Conditioning and Refrigeration Institute
(ARI). The SRCC standard, '"Test Methods and Minimum Standards for Certifying
Solar Water Heating Systems," is based on ASHRAE 95-81 (1981), as is the ARI
standard. ASHRAE 95-81 specifies the procedures for testing the solar water
heating systems, but does not specify the conditions under which the tests are
performed. These are outlined by the certification organizations.

The Oregon Department of Energy also has developed test procedures, described
by Reichmuth and Robison (1982), for hot water systems in general and one for
ICS systems in particular. Their method is primarily an outdoor test as
opposed to the SRCC test, which requires an indoor solar simulator. Addition-
ally, the ODOE test does not specify any draws and therefore does not result
in a performance measure that depends on energy delivery. This test 1is
useful, however, in determining the performance parameters of an ICS system
that may be used in longer-term modeling. Zollner (1984) has described the
use of this test method for determining performance parameters.

In the SRCC test method, solar water heating systems are designated by system
type and system classification. The three main generic categories of system
types are as follows:

e Forced Circulation: This type of solar system uses mechanical means to
move the working fluid through the solar collector to the hot storage
device.

e Integral Collector Storage: This type of solar system has all or most of
its water storage located with the collector. The system operates as a
passive solar device without mechanical equipment.

e Thermosiphon: This type of solar system has the storage tank located
above the collector. Movement of fluid in this system is through natural
convection, without mechanical equipment.

Each of the above system types may be tested in any of the following three
test system classifications:

e Solar only: This system is tested as a device that will provide hot
water without a conventional backup system.

o Solar preheat: This system is tested as a solar preheater that heats the
water before it goes to a conventional water heater.

e Solar plus supplemental: This system is tested with its own conventional
backup system or auxiliary heating element included.
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The thermal performance rating of the system consists of a number of cate-
gories. Solar energy delivered Quer shows the daily net energy delivered by
the solar device and is a measure of the solar energy delivered by a system
under test conditions. Reserve energy capacity Q is the reserve capacity
of the system; i.e., the energy left after a full JSy s water use is drawn off
in the test. The heat loss coefficient L is the rate of heat loss of the sys-
tem. L is measured only for systems that have outside storage tanks. The
auxiliary energy capacity Q CAP is the measure of the energy storage capacity
of the auxiliary tank. Qcap 18 calculated only for systems that provide their

own backup. The auxiliary energy consumption Q 1s a measure of the backup
energy used by the system to deliver the requlre amount of hot water in the
test. Parasitic energy consumption Qar is a measure of energy used to supply

power to pumps, controllers, shutters, or trackers needed to operate the
system. The standard test load Qn; is the desired load on the solar heating
system. The standard 1load 1n the SRCC program 1is 42,300 kJ/day
(40,119 Btu/day), taken in three equal draws at 8:00 AM, noon, and 5:00 PM.
This is equivalent to what an average family of four might use each day.

4.2 SRCC SIMULATION

Many of the commercially available ICS units have been tested under SRCC
200-82 (SRCC 1983). Most ICS systems have been tested as '"solar preheat"
types, but they can also be tested as '"solar only" types. A multinode model
has been used to simulate the two different SRCC tests. The single-node model
is the basis for the multinode approach described later in this section.
Several assumptions simplify the solution of the differential equationsg:
fully mixed tank, quasi-steady state over the time step, and a constant heat
loss coefficient. The system can be drawn with inputs and outputs as shown in
Figure 4-1.

An energy balance on the system yields

4aT

Mep 35 = Qs * mcpTin = mepT - UA(T - T,) , (4-1)
where
ﬁcp = load flow capacity (W/9C)
Mc, = system heat capacity (J/°C)
T = tank temperature (°C)
t = time (s)
Qg = absorbed solar energy (W)
T;, = fluid inlet temperature (°c)
UA = overall loss coefficient (W/°C)
T, = ambient temperature (°c)
If .
Qg+ mc,Ti;n+ UAT
g = S S in a (4_2)
p
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v = R —— (4-3)

then the energy balance becomes
dT

8 T =8 -vT . (4-4)
L With T(0) = Ty the solution is
T = 8/y + (Tg - 8/y)e” Yt , (4-5)
and the average tank temperature
over time t' is
- '
m, T, Q. = UA(T - T.) T = -";—, [5 Tac (4-6)
or
T = 8ly
-Yt'_l
Figure 4-1. Schematic of ICS Model - (Tg - B/y)-g—;gr—— . (4=7)
The energy delivered is
Qgel = thep(T - Typlt' , (4-8)
and the energy lost is
Qloss = UA('-f - Ta)t' . (4-'9)
The internal energy change is
Qint = Mcp(T' - Tg) , (4-10)

where T' = T(t').

If optical characteristics like a flat-plate collector are assumed for an ICS
collector, then Qg can be determined as follows:

Qg = QMo {1- Bo[llcos(e) -1}, (4-11)
where
Qinc = incident solar energy in aperture plane W
no = normal transmittance-absorptance product
Bg = incident angle modifier coefficient
8 = incident angle .

To generalize this analysis to multiple nodes, all that is necessary is to
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o divide Qg, UA, and Mc, by the number of nodes N

P
e set Tjn(n) = T(n - 1), where n refers to the node in question

e sum Q;, g and Q;,, over the number of nodes
o set Qge1 = ey [T(N) = Tin(1)lc'.

A multiple-node model approximates stratification in the tank because of
forced circulation during a draw. Natural circulation is not accounted for in
this approach.

4.3 SRCC 200-82 SIMULATION RESULTS

We employed the multinode model to simulate the SRCC 200-82 test method for
two primary purposes. The first was to examine the effects of changing the
model parameters on the simulated test results. The second purpose was to try
to match the published performance indices for certain ICS units by adjusting
certain unknown model parameters.

The two basic types of ICS systems should have different performance param-
eters in the model. An ICS system with a single-tank, reflector configuration
is likely to have low optical performance and a low heat loss coefficient com-
pared with a multiple-tank system of the same aperture area and glazing sys-
tem. The difference in heat loss coefficient is due to the smaller area for
heat loss from a single-tank system. (Recall from Section 3.2 that the tank
surface area in an ideal single-tank design ‘is' the same -as the aperture-ares; -
whereas in a multiple-tank design the exposed upper surface area is equivalent
to 1.57 times the aperture area.) However, the single-tank system uses a
reflector, which results in a loss in optical performance (due to reflectivity
and optical inaccuracies) compared with the multiple~tank system that does not
use a reflector. To determine the effect of various parameters, we have
chosen for these two system configurations baseline parameters that we feel
represent fairly typical values. Table 4-1 shows the values of the model
parameters used in the analysis. Note that the same value for B, (incident
angle effects) was used for both systems. Typical values for B, for flat-
plate collectors were taken from ASHRAE 93-77 (1977) and adjusted rather
arbitrarily for use with ICS systems. The ASHRAE 93-77 incident angle modi-
fiers are for single~ and double-glazed collectors with absorber surface
absorptivities of 0.9. We assumed an increase of 25% in B, for ICS systems
because of increased enclosure depth and an additional increase of 25% for the
reflector of the single-tank design. We assumed, and later results will con-
firm, that the incident angle effects on the optical efficiency are relatively
small, and that large changes in By would not significantly affect the
results. This occurs because, at large incident angles, significantly less
energy crosses the aperture plane (cosine effects).

4.3.1 Parameter Sensitivity

The first parameter we explored was the system capacitance. The bulk of the
system capacitance is from the water in the tank. As we changed the capaci-
tance, we held the heat loss coefficient constant.
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Table 4-1. Baseline ICS Performance Parameters for Typical System Configurations
ICS Syst M‘:p Nst Area ua B Number Confi .
YSEE®  [k3/°C (Btu/°F)]  [m® (fr®)] [W/°C (Btu/h °F)] o 0 of Nodes ontigurations
#1 400 (211) 2.0 (21.5) 8.0 (15.2) 0.7 0.2 4 Multiple~tank
#2 400 (211) 2.0 (21.5) 3.0 ( 5.7) 0.5 0.2 2 Single-tank, reflector

For both the multiple-tank and single-tank ICS systems we assumed that any
change in the tank surface area resulting from a change in tank volume would
not affect the heat loss characteristics. We also assumed that the incident
angle effects would also be unaffected. Both of these assumptions are prob-
ably reasonable given the nature of the model used in this analysis. In any
case, a much more sophisticated model would be needed to determine the effects
of system design on the heat loss coefficient and incident angle modifier
coefficient,

In a multiple-tank ICS it is possible to vary the system capacitance while
holding the aperture area constant by altering the number and diameter of the
tanks and the aperture length. There are several alternatives: holding the
diameter constant and changing the number and length of the tanks, holding the
length constant and changing the number and diameter of the tanks, or holding
the number of tanks constant and changing the diameter and length of the
tanks. For a given aperture area and system capacitance, there is no unique
set of values for tank number, diameter, and length. We have not evaluated
the potential impacts on manufacturing for various combinations of these
design values. Figure 4-2 shows the results of capacitance change for ICS #1
(multiple~tank system). An additional case of low heat loss coefficient
[UA = 4 W/° (7.6 Btu/h °F)] is shown to identify any relationship between the
capacitance and heat loss effects. Note that there is a definite peak in the
QuET curve at a system capacitance of around 400 kJ/°C (211 Btu/°F) for both
va%ues of loss coefficient. After that point Qupp falls slightly and Qpgg
begins to climb. It appears that in designing ICS systems the only reason to
exceed the optimum capacitance value would be to allow for higher loads than
are used in the SRCC 200-82 test.

In a single-tank system it is also possible to vary the system capacitance
while holding the aperture area constant. In this case, however, only the
tank diameter and length are variables. Since we have assumed an optimum
ratio of aperture width to tank diameter, there is a unique diameter and
length for a given capacitance and aperture area combination. Thus, for a
fixed aperture area, a change in capacitance will cause a change in the aspect
ratio (width to length) of the single-tank system. We have made no attempt to
evaluate the ramifications of the aspect ratios that result from this param-
eter sensitivity on other parameters or on manufacturing or production. The
system capacitance effects for the single-tank system are shown in
Figure 4-3. An optimum in Qupr occurs at around 400 kJ/°c (211 Btu/°F), the
same as for the multiple-tank system.
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Figure 4-2. Effect of Capacitance on Predicted SRCC Test Performance for
the Multiple~Tank (ICS #1) System (optical efficiency = 0.7)
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Figure 4-3. Effect of Capacitance on Predicted SRCC Test Performance for
the Single-Tank (ICS #2) System (optical efficiency = 0.5)
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For a continuous draw profile, it can be shown fairly simply that performance
is not a function of system capacitance. The results discussed above show
that for the SRCC draw profile, there is an optimum in performance at a
certain capacitance [~400 kJ/°C (211 Btu/°F)]. It is clear then that draw
profile has an effect on performance. The specific effects of capacitance on
performance are not clear, so an optimum capacitance can not be determined.
We did not explore the interrelated effects of aperture area, capacitance, and
draw profile in this study. These effects must be understood for the system
designer to properly conduct the design effort.

The effect of incident angle modifier changes, through Bj, is shown in
Figure 4-4., As can be seen, very large changes in By result in very small
changes in both Qypr and Qpgg-.

Stratification has been accounted for in the multinode model by separating the
ICS system into a number of fully mixed zones. Whenever flow (draw) occurs in
the system, stratification is enhanced and performance is improved as hotter
water is delivered to the load. The effects of increasing the number of nodes
modeled for ICS #1 and ICS #2 are shown in Figures 4-5 and 4-6, respective-
ly. It is clear that the initial increase of nodes over a single, fully mixed
tank results in fairly significant improvement in Qugp and a decrease in Qggpg
and thus does compare with the expected effects of actual tank stratifica-
tion. Beyond 8 or 10 nodes, the change in performance is slight. This agrees
with the findings of Zollner (1984).
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Figure 4-4. Effect of Bj, the Incident Angle Modifier, on Predicted
SRCC Test Performance
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4.3.2 Comparison with Test Results

We also employed the model to see if actual ICS system test results could be
duplicated for several units on the market. Known parameters for these
systems included the net aperture area, the fluid capacity, the absorber and
glazing types, and, of course, the published test results. We used the
capacitance of the tank fluid as the system capacitance in the model. The
published heat loss coefficient was used without modification. Given the
number of glazings and the system configuration, we assigned a value for Bj.

The only remaining parameters are the n, and the number of nodes. For a
multiple~tank system, we used the number of tanks as the number of nodes,
since each tank tends to be small and may be considered fully mixed. For a
single-tank system, the choice of nodes was not so simple. Since some
stratification is bound to exist, we started with an assumption of 2 nodes for
each unit in the system. This leaves only the n, to be adjusted. Table 4-2
lists the ICS systems we modeled along with some of the important design
features and test results from SRCC (1983). The Cornell 360 was chosen be-
cause a detailed model of this single-tank unit has been developed by Lindsay
and Thomas (1983), and we plan to use their model in subsequent work. The
Cornell 480 represents a unit with very low heat losses compared with others
tested and was interesting from that standpoint alone. The Gulf Thermal PT40
is representative of the multiple-tank designs and has been modeled in some
detail by Cummings (1983). The table shows, in addition to the published test
results, the test results normalized by net aperture area. This makes per-
formance comparisons somewhat more straightforward.

Generally, it was quite easy to match the Qupr values within 3% for all the
units by adjusting n, primarily and the number of nodes secondarily. However,
the resulting comparison for Qppg was not as successful, When a product had
been tested as both a one- and two-unit system, we attempted to adjust the
parameters for the one-unit results and then use those parameters for the two-
unit test result comparison. The opposite sequence was also tried. The
results of both these sequences for systems tested with both one and two units
were very similar. Table 4-3 gives the resulting parameters for the five sets
of test results.

To establish the wvalidity of these parameters for each of these systems,
longer-term experimental test data would have to be obtained and the model
exercised against the environmental inputs and draw characteristics of the
test. In the meantime, the technique of estimating the ICS performance param-
eters based on the multinode model seems reasonably adequate for estimates of
SRCC system tests results for Qypr.

4.3.3 Miscellaneous Studies

We can use the multinode model and the SRCC test simulation to look at other
issues as well as parameter sensitivities and comparisons with test data. One
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Table 4-2.

System Description and SRCC 200-82 Test Results for Several Commercial ICS Systems

1SS

AN
&
K- 22

Cornell Energy

Cornell Energy

Cornell Energy

Gulf Thermal

Culf Thermal

System 360 480-1 480-2 PT40-N PT40-2
Number of units 2 1 2 1 2
Gross area £m (ftz)] 3.36 (36.2) .2 (23.7) 4.4 (47.3) 1.81 (19.5) 3.62 (39.0)
Net area [m (ft 3.16 (34.0) 0 (21.5) 4.0 (43.0) 1.62 (17.4) 3.24 (34.9)
Fluid capacity [m (gal)] 0.24 (63.4) 0.16 (42) 0.32 (85) 0.15 (40) 0.29 (80)
Fluid Mc_ [kJ/°C (Btu/°F)) 1006.00 (530) 662 (349) 1,324 (697) 629 (331) 1,215 (640)
Tank type glass-lined glass-lined glass-lined stainless steel stainless steel
steel steel steel )
Absorber surface nickel foil coating selective surface selective surface black nickel selective paint
Reflector surface reflective aluminized aluminized N/A N/A
polyisocyanurate parabolic parabolic

Number of glazings 3 2 2 3 3
Glazing type:

1 low iron tempered low iron glass low iron glass low iron glass low iron glass

glass
2 reinforced fiberglass low iron glass low iron glass Teflon Teflon
reinforced
3 fiberglass acrylic - - Teflon Teflon

SRCC 200-82 test data:
Quer [<J (Btu)]
QuET /area [kJ/m? (Bru/fe?
Qg [kJ (Btu)]

/area [kJ/m2 (Btu/fr2
L Fw/“c (Btu/h °F)]

U [W/m? °C (Btu/h ft? °F))

20,996 (19,905)
)] 6,644 (585)

6,183 (5,862)
)] 1,957 (172)
10.44 (19.8)
3.3 (0.58)

16,000 (15,169)
8,000 (705)
750 (711)
375 (33.0)
3.01 (5.71)
1.51 (0.27)

30,300 (28,726)
7,575 (667)
10,700 (10,144)
2,675 (236)
5.72 (10.9)
1.43 (0.25)

15,298 (14,503)
9,443 (832)
949 (900)
586 (51.6)
6.31 (12.0)
3.89 (0.69)

25,954 (24,606)
8,010 (706)
12,871 (12,202)
3,973 (350)
14,2 (26.9)
4.38 (0.77)

¥6S7-¥¥
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important issue with ICS systems 1s overnight 1losses, discussed in
Section 2.2.3. We used the model to look at how overnight losses are affected
by both the system mass and heat loss coefficient.

To calculate overnight losses, we allowed the system simulation to reach
steady-state daily operation using the SRCC 200-82 test conditions. To ensure
steady state, the normal SRCC convergence requirement (solar fraction changing
by less than 3%) was tightened considerably by simulating 10 days of opera-
tion, Overnight losses are defined here as system losses whenever there is no
solar irradiance. 5 the SRCC solar_irradiance profile, there are 9 hours of
sunshine [17,028 kJ/m“ (1,500 Btu/ft?) total]. We used the ICS performance
parameters for ICS #1 and ICS #2 from Table 4-1 for the baseline values. The
mass of the system and then the heat loss coefficient of each system were
varied while all other parameters were held constant. For the simulations
with varylng mass, two different amblent temperatures were used: the standard
value of 22°C and a lower value of 11°C (51.8°F). Results from these sim-
ulations are shown in Figure 4-7 for ICS #l1 and Figure 4-8 for ICS #2.

It is obvious from Figures 4-7 and 4-8 that increasing the system mass also
increases the overnight loss. The loss increases rapidly for low mass systems
and begins to level out at higher mass. Note 5hat the seline mass 1is
slightly less than 100 kg (220 1b) for a 2.0-m“ (21.5- ft ) aperture and
results in near maximum Qugre For ICS #1, shown in Figure 4-7, the 100-kg
system has overnight losses that are almost 6% of the 1nc1dent energy and 11%
of Qugre If a cooler environment is assumed [e.g., 11% (51.8°F) ambient],

006013

/ T, = 22°C

0 I L | 1 1 l 1
0 50 -100 150 200 250 300 350 400 450
Mass (kg)

Figure 4-7. Overnight Losses for ICS System #1 under SRCC Test Conditions
as a Function of System Mass
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Figure 4-8. Overnight Losses for ICS #2 under SRCC Test Conditions as a
Function of System Mass

then a 100-kg (220-1b) system has overnight losses that are almost 10% of .the
incident and almost 25% of Qupr. Those values increase to almost 16% of
incident and over 43% of Qupr ?or a 200-kg system. This shows the relative
importance of keeping the mass at a minimum level in cooler environments,
although the possibility of freezing should be considered. ICS #2 shows the
same trends, althsugh at lower levels hecause of the lower heat loss cgef-
ficient [1.3 W/m °c (0.26 Btu/h ft* °F)] compared with 4.0 W/m* °C
(0.7 Btu/h ft* °F) for ICS #1]. A 100-kg system at 22°C (71.6°F) ambient has
overnight losses that are 1.5% of incident and 3.4Z of Qugy. Figure 4-8 shows
the overnight loss for ICS #2 at both 22°C (71.6°F) and %lOC (51.8°F) ambient
temperature.

The effect of varying the loss coefficient on overnight losses for ICS #1 and
ICS #2 was determined with the ambient temperature at 22°C (71.6°F) only.
These results are shown in Figure 4-9. The overnight losses for both systems
over the range of loss coefficients evaluated change from <1 to <3% of the
incident energy. It appears then that overnight losses (at least in warmer
climates) represent relatively small fractions of the total system losses for
reasonable design values of system mass. For cooler and cold environments,
this may not be true.

38




S=R1 @ RR-2594

1000

006015

8001

600~

Qioss (kJ)

400}~

200

U (W/m2°C)

Figure 4~9. Overnight Losses for.ICS #1 and #2 under SRCC.Test Conditions
as a Function of Loss Coefficient, at T, = 22%
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SECTION 5.0

ANNUAL PERFORMANCE SIMULATION OF ICS SYSTEMS

The annual thermal performance of a solar energy system can be analyzed at
various levels of complexity. Our approach has been to begin with simplified
design tools to bracket the range of expected performance, using a code that
requires minimal computer time so that low-cost parametric analyses are
possible. This first step identifies components of the system that have the
greatest uncertainty in behavior or the greatest potential for improvement.
From the results of the parametric study, one can reasonably assess specific
design or operational issues in sufficient detail to answer remaining
performance questions.

5.1 UNIVERSITY OF WISCONSIN DESIGN METHOD

Zollner (1985) developed a simple annual performance algorithm for ICS systems
that compares well with TRNSYS simulations (Klein 1983) using the same per-
formance and load characteristics. The model 1is applicable to most com-
mercially available ICS systems because it uses generic performance indices
(U, a loss coefficient, and ng, average optical efficiency) that are not
conflgutatlon—dependent. The performance parameters can be found analytically
or experimentally for the system under consideration. Assumptions include a
fully mixed tank, negligible change in internal energy during a month, and a

continuous draw of hot water to satisfy the load. Required inputs are monthly -

average values of incident radiation in the plane of the ICS system, ambient
temperature, sky temperature, cold water supply temperature, glazing area,
loss coefficient, and average optical efficiency. The model calculates the
monthly average draw temperature and solar fraction. Details of the method
are described below.

An energy balance on the ICS system may be written

0 = (Hrn) Ac(ng) = UpAcA8(Ty = T,) - Mpep(Tp - Tm) (5-1)
where

Hp = the dfily average incident radiation in the plane of the glazing
(kJ/m* day)

n = the number of days in the month (days)

A. = the collection area of the ICS system (m?)

n, = the monthly average optical efficiency

U, = the loss coefficient (W/m? °c)

A8 = the amount of time in the month (s)

T, = the average tank temperature (°C)

T, = the monthly ambient temperature (°c)

My = the mass of water withdrawn for the load during the month (kg)
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¢, = the specific heat of water (kJ/kg °C)
Tp = the average draw temperature (°C)
Tp = the mains water temperature (°C).

From the assumption of continuous draw and no stratification, we may equate
the monthly average draw temperature to the average tank temperature; i.e.,
Tp = Ty . Solving for the draw temperature, we obtain

- ETHAC(;Q) + MDCp‘fm + ULACAeTa

™o = Mpcp + ULAcAo : (5-2)

The load is simply the energy required to heat the monthly draw volume from
the cold water supply temperature to the set-point temperature. From this
definition of load, we may calculate the solar fraction for the fully mixed
tank fm,c as

’ (5-3)

where Tg is the set temperature of the auxiliary tank. Zollner (1984) reports
excellent agreement between this model and TRNSYS simulations that use the
same assumptions of continuous draw, fully mixed tank, and system performance

parameters of U; and n, rather than more specific system characteristicsw He -

also observed good agreement with TRNSYS simulations that used other draw
profiles, as long as the draws were not taken either completely in the morning
or completely in the evening.

In his TRNSYS runs, Zollner also studied performance assuming a stratified
tank as well as one that was fully mixed. He used a simplified stratification
model that neglects heat transfer between nodes except when a draw 1s taken.
Stratification in the model occurs because cooler mains temperature water is
introduced into the tank during a draw. The degree to which stratification
improves performance is a function of the ratio of load volume to tank volume,
termed '"tank turnover." Based on the TRNSYS simulations, an expression was
developed that incorporates stratification into the simple method and
calculates a modified solar fraction:

f

s,c _ 0.326 - - _
fm,c L+ =5 (- fm,c) - 7 (5-4)
Here, £ is the solar fraction provided by the ICS system assuming strati-

fication. Zollner found this equation to hold for loss coefficients from 1.9
to 4.4 W/m °C (0.33-0.77 Btu/h ft? OF), tank volumes from 130 to 250 L
(34-66 gal), average optical efficiencies from 0.32 to 0.69, and ratios of
tank volume to area of 47 to 91 L/m? (1.2-2.2 gal/ft<)
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The SRCC test procedure used to determine the loss coefficient does not
account for additional 1losses that would occur in an installed system
radiating to the sky. To correct for a sky temperature below the ambient,
Zollner defined an effective sink temperature T, that accounts for both con-
vective and radiative losses. He suggests subtracting a value of one-fourth
of the monthly average sky temperature depression from the monthly average
ambient temperature to obtain a value for T, to replace Ta in Eq. 5-2.

5.2 ANNUAL PERFORMANCE OF ICS SYSTEMS

To examine the annual thermal performance of ICS systems and investigate the
potential for design improvements, we developed an interactive computer model
using the algorithm presented in the previous section. The program allows the
user to select one of three sites, chosen to represent a range of climates,
including two in which freezing temperatures occur regularly (Denver, Madison,
and Phoenix); the area of the ICS system; the loss coefficient; the average
optical efficiency; the daily hot water draw; and whether or not
stratification is modeled. The site-specific data included in the code for
each of the three sites are the monthly average incident radiation on a
surface tilted at latitude and monthly averages for ambient, cold water
supply, and sky temperatures. Monthly average site information for the three
cities used in our analyses may be found in Tables 5-1 through 5-3.

Table 5-1. Monthly Average Meteorological Data for Denver

Ambient Sky Mains Incident Radiation

Month Temperature  Temperature Temperature on a Surface Tilted at Latitude

(°c)  (°F)  (°c) (°F) (%)  (°F) (MI/m?) (Bru/ft?)
Jan. 0.0 32.0 19 66 3.9 39.0 530 46,670
Feb. 0.0 32.0 19 66 4.4 39.9 530 46,670
Mar. 3.0 37.4 19 66 6.1 43.0 660 58,100
Apr. 9.0 48,2 18 64 9.4 48.9 660 58,100
May 14.0 57.2 16 61 12.8 55.0 690 60,750
June 19.0 66.2 16 61 15.6 60.1 700 61,640
July 23.0 73.4 15 59 17.2 63.0 720 63,400
Aug. 22.9 71.6 14 57 17.8 64.0 700 61,640
Sept. 17.0 62.6 17 63 17.2 63.0 670 59,000
Oct. 11.0 51.8 20 68 13.3 55.9 640 56,350
Nov. 4.0 39.2 18 64 7.2 45.0 500 44,030
Dec. 0.0 32.0 20 68 2.8 37.0 480 42,260
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Table 5-2. Monthly Average Meteorological Data for Phoenix

RR-2594

Ambient Sky Mains Incident Radiation
Month Temperature  Temperature  Temperature on a Surface Tilted at Latitude
(°c)  (°F)  (°C) (°F) (%)  (°F) M3/m2)  (Btu/£c?)
Jan. 10.7 51.3 20 68 8.9 48.0 540 47,550
Feb. 12.8 55.0 22 72 8.9 48.0 580 51,070
Mar. 15.4 59.7 22 72 10.0 50.0 740 65,160
Apr. 19.8 67.6 22 72 11.1 52.0 810 71,320
May 24.6 76.3 22 72 13.9 57.0 810 71,320
June 29.2 84.6 21 70 15.0 59.0 820 72,200
July 32,9 91.2 14 57 17.2 63.0 780 68,680
Aug. 31.7  89.1 14 57 23.9 75.0 780 68,680
Sept. 28.8 83.8 17 63 26.1 79.0 750 66,040
Oct. 22.3 72.1 21 70 20.6 68.1 710 62,520
Nov. 15.4 59.7 20 68 15.0 59.0 580 51,070
Dec. 11.4 52.5 20 68 12.2 54.0 520 45,790
Table 5-3. Monthly Average Meteorological Data for Madison
Ambient Sky Mains Incident Radiation
Month Temperature  Temperature  Temperature on a Surface Tilted at Latitude
(°c)  (°F) (%) (°F) (%)  (°F) (M3 /m?) (Btu/fr?)
Jan. -8.4 16.9 14 57 . 45.0 330 29,060
Feb. -6.5 20.3 12 54 . 45.0 390 34,340
Mar. -1.0 30.2 14 57 . 45.0 490 43,140
Apr. 7.4 45.3 12 54 . 45.0 490 43,140
May 13.3 55.9 11 52 . 45.0 570 50,190
June 18.8 65.8 9 48 . 45.0 580 51,070
July 21.2 70.2 10 50 45.0 610 53,710
Aug. 20.4 68.7 10 50 . 45.0 590 51,950
Sept. 15.4 59.7 11 52 . 45.0 510 44,900
Oct. 9.9 4.8 12 54 . 45.0 450 39,620
Nov. 1.5 34,7 11 52 45.0 290 25,530
Dec. -5.6 21.9 11 52 . 45.0 260 22,890
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From our manufacturers' survey, we found that the average net glazing area for
an ICS system was about 3 m? (32.3 ft?). However, for a parametric analysis,
we chose a smaller size so that even under the best possible conditions (for
example, a system in Phoenix with a very high optical efficiency and a very
low loss coefficient), the system never produces surplus energy for a hot
water draw typical of a four-person household. The ICS performance algorithm
is not based on previous history; i.e., it cannot model carry-over of exceis
energy from one month to the next. We found that an area of 1.7 m“ (18.3 ft“)
tilted at a slope equal to the latitude never produced excess energy for a
load of 300 L/day (79.3 gal/day) at a 50°C (122°F) set-point temperature, even
under the most favorable circumstances that we chose to model, so this area
was used in each of the foregoing analyses. Because of the uncertainty in the
model's ability to predict actual stratification behavior precisely, our com-
parisons do not assume stratification. Throughout this study, we assumed a
hot water set-point temperature of 50°C and a hot water usage rate of
300 L/day year-round. The load is modeled as if it were extracted on a con-
tinual basis, but Zollner (1984) has shown that these predictions may be rea-
sonably extended to the RAND profile or another profile that is not heavily
weighted toward either morning or evening draw.

Our first step was to assess the performance of a base-case system in each of
the selected sites, varying first the heat loss coefficient and then the
optical efficiency. Figures 5-1 and 5-2 contain the results of these para-
metric analyses. Figure 5-1 shows variation in performance as a function of
heat loss coefficient for a system with an optical efficiency of 0.6. In com-
mercially gvailable systems, the value of loss coefficient ranges from a high
of 4.8 W/m? °C (0.85 Btu/h £t °F) to-a low ‘of 1.43 W/m® °C (0:25 Btu/h ft?
OF)., Over this range the annual delivered energy for Denver increases approx-
imately 40% as the loss coefficient decreases. . Improvements for Madison and
Phoenix are somewhat less, around 25%, as evidenced by the shallower curves.
Achieving these performance improvements in real systems depends on main-
taining the optical characteristics of the ICS system while lowering the heat
loss coefficient.

Next, we examined the effects of varying the _optical efficiency while holding
the heat loss coefficient constant at 1 W/m? °C (0.18 Btu/h £t 9F). These
results appear in Figure 5-2. The optical efficiency is not specifically
measured in the SRCC test, so it must be inferred as in Section 4.3.3. For
available systems, optical efficiency ranges from approximately 0.5 to 0.73.
As n_. increases toward 0.73, the annual delivered energy increases between 42%
and 47% for the three cities under investigation. The combined effects of
optical efficiency and loss coefficient are shown graphically in Figure 5-3.
If we select a delivered energy of 5 GJ/yr (4.7 x 10° Btu/yr), we find that
this load may be supplied in Denver by several combinations of performgnce
indices. Combinations include: ng, = 0.5 ang Up, = 1.5 w/m< °c
(0.26 Btu/h £t2 °F); ng = 0.6 ~and Uy = 3.5 W/m* °c "(0.62 Btu/h ft* °F);
and 1y = 0.7 and U; = 5.0 W/m“ °C (O.é@ Btu/h ft? O°F). Therefore, though it
may be easier to add thermal resistance to decrease the heat loss coefficient,
it is important to maintain a good optical efficiency for an ICS system, as
performance is significantly reduced with even a small change in nq.
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Figure 5—-1. ICS System Annual Performance as a Function of Loss Coefficient
in Denver, Madison, and Phoenix (area = 1.7 m“, optical
efficiency = 0.6)
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Figure 5-2. ICS System Annual Performance as a Function o% Optical Efficiency
in Denver, Madison, and Phoenix (area = 1.7 m“°, U, = 1.0 W/m? °c)
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Figure 5-3. Combined Effects on ICS System Annual Performance in Denver of
Loss Coefficient and Optical Efficiency (area = 1.7 m?)

5.3 COMPARISON WITH DRAINBACK SYSTEMS

Because the primary contender for low-cost SDHW supply is the drainback sys-
tem, we compared performance of the ICS system described above to the low-cost
drainback system investigated in our previous work. We also looked at the
comparison between the low-cost system and commercially available drainback
systems, and examined behavior as a function of performance indices as we have
done with ICS systems. For the drainback systems, we used F-CHART (Klein et
al. 1983) configured as described in Section 2.3. We varied the heat loss
coefficient FpU; and looked at two values of optical efficiency: one cor-
responded to the ICS system, 0.6, and one was typical of a commercially
available high-performance flat-plate collector, 0.77. Results appear in
Figure 5-4 for both the ICS and drainback systems operating in Denver. The
curve of performance as a function of loss coefficient is significantly flat-
ter for the drainback systems as predicted by F-CHART than for the ICS sys-
tems, indicating that fewer benefits accrue for drainback systems by improving
their collector heat loss characteristics. This result is probably due to the
impact of outdoor nighttime heat losses on ICS system performance. For the
same optical efficiency and system size, the ICS will outperform the drainback
for loss coefficients below approximately 1.6 W/m? °C (0.28 Btu/h ft? °F),
However, most commercially available flat-plate collectors have greater
optical efficiencies than those typically found in ICS systems.

Since systems with aperture areas of only 1.7 m2 represent a fairly small
solar fraction_ in Denver [e.g., the ICS in Figure 5-4 with U, = 5 W/m* °C
(0.88 Btu/h ft* ©9F) has a solar fraction of 0.22], we also compared these
systems with aperture areas of 3.0 m? (32.3 ft?). The results are shown in
Figure 5-5. The energy delivery 1is, as expected, greater than that of the
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smaller systems, now with solar fractions about 50% greater [e.g., ICS with
U, =5 W/m* °Cc (0.88 Btu/h £t2 °F) has _a solar fraction of 0.31 and the
drainback with mo = 0.77 and FRu; = 5 W/m? °C (0.88 Btu/h £t °F) has a solar
fraction of 0.59]. Larger systems also seem to favor the drainback for
performance; i.e., a lower loss coefficient is required for the ICS system to
outperform a rainback with the same n,, compared with the smaller
[1.7-m* (18.3-ft“)] systems. This is probably due to the increased overnight
losses in the larger ICS system as the average tank temperature goes up for
the same load.
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SECTION 6.0

ECONOMIC ANALYSIS

This section combines the results of the installed cost estimates, life-cycle
costs for repair and replacement, and the annual performance estimates into a
discounted payback analysis.

The drainback data are for two different systems. One is the low-cost, low-
performance system that uses a low-cost plastic collector with relatively low
performance characteristics. The other is a commercial system that uses a
high-performance collector and other off-the-shelf hardware currently avail~-
able. Performance of these systems was estimated for Phoenix, Denver, and
Madison using F-CHART. Detailed performance parameters used for those drain-
back systems can be found in Section 2.3.

Performance parameters for the ICS system are from Section 4.0, except for
area. Although ICS #1 and ICS #2 %o not dif%er significantly in performance,
we chose to present data for a 4-m“ (43.0-ft“) ICS #2 system for the economic
analysis. The load for the ICS system is slightly higher because there is a
monthly variation in mains temperature in the analysis compared with a
constant mains temperature in the drainback system analysis.

Fuel costs were taken from a U.S. Department of Energy study (1983) (commonly
referred to as NEPP-IV) of current costs and projected costs for the year
2000. No attempt was made-to adjust system costs for the year 2000 to account
for the possibility of lower-cost systems. Table 6-1 shows the fuel costs used
for Phoenix, Denver, and Madison.

Table 6~1. Present and Projected Residential NEPP-IV Fuel Costs

Fuel Cost
(1984 $/GJ2 (1984 $/10% Btu)]
Location Natural GasP Electricity
1984 2000 1984 2000
Phoenix 9.28 (9.79) 15.13 (15.96) 16.43 (17.33) 18.70 (19.72)
Denver 9.28 (9.79) 15.13 (15.96) 16.65 (17.56) 18.70 (19.72)
Madison 9.59 (10.12) 16.61 (17.52) 19.02 (20.06) 21.46 (22.64)

8Adjusted by inflation from 1982 (as given in NEPP-IV) to 1984 using a 5%
inflation rate.
Assumes a 60% combustion efficiency.
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The performance and cost data for the drainback and ICS systems have been com-
bined in a discounted payback analysis that takes into account fuel escalation
rates and the value of alternative investments (through discount rate). We
assumed tax credits were not available.

An expression for discounted payback with fuel escalation and discount rates
that include inflation 1is

P = 10g10A ! (6-1)

where discounted payback period
system cost

first year fuel savings
(1 +G6)/(1L +R)

fuel escalation rate

discount rate .

waQPmarmn

With Eq. 6-1, the discounted payback period is not particularly sensitive to
the fuel escalation and discount rates if these rates are relatively close to
each other. 1In fact, if they are equal, the expression reduces to a simple
payback. We used a fuel escalation rate of 9%/yr for natural gas and 7% for
electricity and a discount rate of 10%Z/yr. An assumed inflation rate of 6%/yr
is included in both the fuel escalation and discount rates.

Discounted paybacks were calculated using initial system cost for the two
drainback systems and the ICS #2 for Phoenix, Denver, and Madison. These
results are shown in Table 6~2., If we assume that payback pericds of about 5
years are acceptable for residential consumers, then none of the systems look
very attractive. Present fuel costs yield no paybacks lower than 10 years.
At current natural gas costs, paybacks for all systems range from almost 20 to
over 30 years. Current electricity costs reduce payback about 50%. NEPP-IV
projects dramatic increases in natural gas costs in the year 2000. These
projected costs cause paybacks that approach, but do not exceed, the paybacks
for electricity.

In all cases, for a given location, the commercial drainback system has the
highest payback period and the ICS #2 has the next highest, slightly more than
the low-cost drainback, which has the lowest payback.

The expected cost of component repair and replacements also can be incor-
porated into a discounted payback calculation. The resulting paybacks for
1984 electricity fuel costs for the low-cost drainback and ICS #2 are shown in
Table 6-3. For Phoenix, the payback increases about 6 years for both systems;
for Denver, about 8 years; and for Madison, about 10 years. It is clear that
when the repair and replacement costs are included, the economic benefits of
these SDHW systems are severely reduced.

An important comparison for the potential buyer can be made between the com-
mercially available drainback and ICS systems. Both use hardware that is
currently available and has been priced using the same assumptions. The low-
cost drainback system, on the other hand, uses inexpensive components, many of
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Table 6-2. Performance and Economic Analysis of Drainback and ICS Systems for DHW Heating Using Initfal Cost Only
(Fuel escalation = 9% for natural gas; 7% for electricity; discount rate = 10%, fuel costs and real fuel
escalation rates based on NEPP-IV; see Table 6-1)

Y
[
Ry 2

Q, Qe Qux Fuel Savings (1984 §$) Discounted Payback (yr)
£ Natural Gas Electricity Natural Gas Electricity
DHW
(63) (108 Btu)  (GJ) (10% Btu)  (GJ) (10% Btu) 1984 2000 1984 2000 1984 2000 1984 2000
Phoenix [Qyq = 16.0 GJ (15.2 x 105 Beu)]
Commercial drainback 17.9 (17.0) 15.4 (14.6) 0.5 (0.5) 0.97 143 233 256 288 25.4  14.9  15.8  13.7
Low-cost drainback 15.5 (14.7) 13.7 (13.0) 2.3 (2.2) 0.86 127 207 228 25  17.2  10.2  10.3 9.0
ICS #2 (4.0 m?) 12.5 (11.9) 12.5 (11.9) 3.5 (3.3) 0.78 116 189 208 234 18.6  11.0  11.2 9.7
Denver [Q)4 = 18.1 GJ (17.2 x 10° Btu)]
Commercial drainback 17.1 (16.2) 15.5 (14.7) 2.6 (2.5) 0.86 144 235 258 290 25.2  14.7  15.6  13.5
Low-cost drainback 13.0 (12.3) 11.9 (11.3) 6.2 (5.9) 0.66 110 180 198 223 20.1 11.8  12.1  10.6
ICS #2 (4.0 m2) 10.5 (10.0) 10.5 (10.0) 7.5 (7.1) 0.58 97 159 175 197 22.6  13.2  13.7  11.9
Madison [Q, = 19.6 GJ (18.6 x 10° Btu)]
Commercial drainback 13.1 (12.4) 12.3 (11.7) 7.4 (1.0) 0.62 118 192 234 264 31.7  18.4  17.7  15.2
Low-cost drainback 10.0 (9.5) 9.5 (9.0) 10.1 (9.6) 0.48 91 148 181 206  24.8  14.6  13.5  11.7
ICS #2 (4.0 m?) 8.1 (7.7) 8.1 (7.7) 11.6 (11.0) 0.41 78 126 154 174 28.9  17.0  16.1  13.8
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Table 6-3. Discounted Paybacks for 1984 Electricity Fuel Costs
when Life-Cycle Costs Are Included (all other
parameters identical to Table 6-2)

Discounted Payback

(yr)
Location/System
.. Initial +
Initial Cost Repairs/Replacements

Phoenix

Commercial drainback 15.6 24,8

Low—cost drainback . 10.3 18.1

ICS #2 11.2 18.6
Denver _

Commercial drainback 15.6 24.5

Low~cost drainback 12.1 22.7

ICS #2 13.7 23.6
Madison

Commercial drainback 17.7 28.3

Low—-cost drainback 13.5 25.7

ICS #2 16.1 28.4

which are not used in systems being installed today (e.g., unpressurized, low-
cost tanks, polybutylene piping, plastic collectors, etc.). Paybacks for the
ICS system are several years (16%) shorter than the commercial drainbacks
(based on initial cost). Based on this comparison, the ICS is more attractive
and would be the system of choice if paybacks were the criteria. Addi-
tionally, there may be opportunities for reducing the cost of ICS systems that
will substantially improve their economic competitiveness compared with cur-
rently available commercial ICS systems. Figures 6-1 through 6-3 compare
drainback and ICS current system economics for Phoenix, Denver, and Madison.
Discounted paybacks versus current electricity costs and escalation rates for
5, 10, and 20 years are also plotted in each figure,

The drainback system that we analyzed contained a currently available off-the-
shelf, low~cost collector that is also low performance. What impact would
development of a low-cost, high-performance collector (e.g., a Brookhaven type
high-temperature thin-film plastic) have on payback? If we use the same cost
as for the low-cost collector but assume performance equivalent to that of the
Novan collector used in the commercial drainback system, the payback would be
shown by the open diamond in Figures 6-1 through 6-3. Thus the paybacks
(based on initial cost) would drop as follows: Phoenix--10.3 to 9.0 yr,
Denver--12.1 to 8.9 yr, Madison--13.5 to 10.0 yr. The impact of a high-
performance, low-cost collector 1is especially significant 1in the colder
climates where paybacks are reduced by about 25% compared to currently
available low-cost, low-performance collectors.
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Figure 6-1. Discounted Payback against Electricity for Commercial Drainback,

Low-Cost Drainback, and ICS #2 in Phoenix (discount rate = 10%,
electrical fuel escalation rate = 7%)
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Figure 6-2. Discounted Payback against Electricity for Commercial Drainback,

Low-Cost Drainback, and ICS #2 in Denver (discount rate = 10%,
electrical fuel escalation rate = 7%)
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Figure 6-3. Discounted Payback against Electricity for Commercial Drainback,
Low-Cost Drainback, and ICS #2 in Madison (discount rate = 10%,
electrical fuel escalation rate = 7%)

While development of a low-cost, high-performance collector that also exhibits
long-term durability can help improve system economics, paybacks still con-
siderably exceed the five-year value needed to obtain a 40%Z market penetra-
tion. It is also unlikely that balance-of-system and labor costs can be
reduced any further than those assumed for the low-cost drainback system.
However, payback periods on the order of ten years versus electricity (without
tax credits) are still much better than those of most systems sold today, and
low-cost drainback systems using plastic piping, unpressurized storage, and
advanced low-cost collectors may well warrant further development and testing.

ICS systems show better paybacks than other system types currently being
marketed and, if they can be reduced in cost and adequately protected from
freezing, they may show even greater promise than drainback systems for
achieving large market penetration. They will likely still be applicable to
domestic water heating only, however.
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SECTION 7.0

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Low-cost versions of drainback systems have the potential to reduce installed
costs by almost 40% over optimistically priced commercially available systems.
If a durable, low-cost, high-performance collector could be developed, payback
periods of slightly under 10 years (versus electricity) are possible without
tax credits. Further cost reductions would require the development of other
innovative system concepts.

Integral collector/storage (ICS) systems were studied as an alternative to
drainback systems for heating domestic water (but not for space heating).
Their attraction lies in their simplicity; namely, no pump or controller is
required, and the entire system comes in one package. Two basic ICS system
designs were studied: a single tank with reflector and a multiple-tank con-
figuration. Two computer models were developed. One simulates an SRCC-82
system test and allows for ICS model parameters to be determined from pub-
lished SRCC test results. A second model takes these parameters and, using a
methodology developed at the University of Wisconsin, predicts annual
performance.

The ICS simulation results indicate that attempts to reduce overnight losses
by lowering the loss coefficient can unfortunately be -offset by -even -small
corresponding reductions in optical efficiency. In comparing the two ICS sys-
tem types (single versus multiple tank), the single-tank system has lower heat
losses due to a smaller tank area, but a lower optical efficiency due to the
presence of the reflector. 1In terms of annual performance, neither system
design emerged as a clear winner, although additional concentration is pos-
sible with the single-tank design (at an added cost).

The optimum tank volume (system capacitance) was found to be dependent on
draw profile. For a continuous draw, performance at any given aperture area
is completely independent of tank volume. (If the energy balance equation for
a constant draw is integrated over time, the storage mass appears only in the
tank internal energy term, and this term can be considered negligible over
long periods such as a month.) Draw profiles characterized by an average draw
temperature less than the average tank temperature (e.g., night draw) benefit
from larger tanks which have a smaller diurnal temperature variation. Con-
versely, a draw profile weighted to the daytime would do better with smaller
tank sizes (although as with other active systems, if the tank is too small,
collector efficiency suffers during nondraw conditions). A complete study of
this issue was not attempted.

A survey of ICS manufacturers revealed that system costs per unit area are
only slightly less than those of other active systems on the market. Compared
with flat-plate collector costs per unit area, ICS units are considerably more
expensive., While the overall cost for a typical ICS system may be less than
for a typical drainback system (e.g., comparing the ICS to the commercial
drainback), the ICS system does not deliver as much energy. An economic com-

55




- S RR'2594
S=RN@

parison showed that the ICS system has a shorter payback than the commercial
drainback system and about the same payback as the low-cost drainback system.
It must be pointed out that the low-cost drainback system has not been tested
or commercially developed and that the costs estimated for the ICS system were
taken from the optimistic end of the cost range from the manufacturers'
survey.

If a high-performance, low-cost, flat-plate collector could be developed
having a system cost similar to the low-cost system evaluated in this report,
but having the performance of the commercial system, then the overall eco-
nomics are improved considerably.

7.2 RECOMMENDATIONS

Based on the findings of our study, we can recommend several areas for further
evaluation. These areas include cost reduction, design innovation, analysis,
and validation. Cost and design improvements will clearly have an impact in
the marketplace. Analysis and validation will improve the confidence we have
in our ability to predict performance. Both of these general areas need to be
addressed further. Since ICS systems are not alone in challenging typical
active systems for the domestic hot water heating market, other systems should
be studied in the same context as have the two in this report. Unitary ther-
mosiphon systems appear to have many of the same advantages of ICS systems and
seem to perform better. Both the single fluid phase and boiling fluid ver-
sions should be included in future comparisons,

Although our installed cost estimates for low-cost drainback systems indicate
substantial cost-reduction potential, the components have not yet been fully.
developed. Since there appears to be a real benefit to reducing drainback
system cost with low-cost components, an analysis that evaluates various
design options, materials, and related reliabilities would be of value to the
program. The benefits of packaging low-cost drainback system components
should be investigated. A durable, low-cost, high-performance collector still
needs to be developed.

Since reducing the cost of ICS systems will greatly affect the payback eco-
nomics, some additional study of new materials, design innovations, and other
potentially cost-reducing design changes need to be undertaken. Other low-
cost ICS system designs may also be attractive from both a cost and per-
formance standpoint. Alternatives to the ICS system should also be evaluated.

We have demonstrated an ability to model ICS systems, both for short-term per-
formance and for long—~term, annual performance. The short-term performance
has been partially validated against the SRCC 200-82 test results, but the
long-term performance methodology has been validated by the University of
Wisconsin for only several weeks of experimental data. To increase our con-
fidence in the ability of the simple modeling approach, more long-term experi-
mental data are needed. These data may already exist, and, if so, they should
be obtained. If not, a program to acquire the necessary data should be under-
taken. Both the National Bureau of Standards and the Bonneville Power
Administration are currently conducting experimental programs that could pro-
vide these much-needed data.
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In addition to the system level performance and cost studies, component level
tests can yield some valuable information. In the past, component tests or
long-term operational testing of systems have resulted in data that cannot be
obtained in any analytical study. Failure modes, component life, and O&M data
are important in the overall understanding of any solar technology. We should
not neglect this type of testing for ICS systems.

In summary, drainback systems employing high-performance, low-cost collectors
and low-cost balance-of-system components could lower payback periods versus
electricity (without tax credits) to about 10 years. ICS systems have payback
periods similar to drainback systems. If costs of ICS units could be reduced
below current levels, then a significant decrease in payback periods may also
be possible. Cost reductions are necessary in both systems to achieve more
acceptable paybacks without tax credits.
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APPENDIX A.l

SRCC 200-82 SIMULATION
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S=RI @

={)

RAW

DE
IDEH

I

=1}

=1}

WP RHN=C

I

To=22.0

#]

=T

ON(I)

i

0

T
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dhddddadddhdhhhddikdhid TTART TEST STMULATION Zhthdkddtihbhihbhddhibbddthhttiis
+ PRINT HEADINGS

100 IF((TIME.EQ.TDRAW(1}).OR.{TIME.EO,TORAW(2)).0R. {’
OR.(IDHAW.EQ.1)) THEW
MDOT=MFLOW

) T=TSTEED

Hf_j TRRAW 3y

IDBAY=1
ELSE
MDOT=0,0
DT=TSTEPN-FLOAT(IDEND*{ (&0+NMIH )} +3EC) )

CALL ICH PERFORMANCE ROUTIN

O50LAE=0S{HR+11+AREA
ANG=RETA(HR+1)/57.29572
CALL ICBI(H}

* CHECE FOR DBAW, ACCUMULATE QHET, AND CHECE FOR END OF DRAYW

IF(IDRAW.EQ.1) THEH

=
=1

ITTEST
{ITERT

g2

£Q.1) THEN

(‘W!HE'I'::z meT i-r i [N
L

C IF THE ICS SYSTEM CAN DELIVER TEMPS SREATER THAN TSET THEN THE
C QCRAW CALCULATION IS HO LONGER VALID. THE VOLUME OF THE BacyU®
o TANE AND ITS STRATIFICATION AND HEAT LOSS CHARACTERISTICSE misT
C BE ENOWN BEFORE THE CALCULATION CAN BE mMADE, OR A TEMPERING

c VALVE mMUST BE INSTALLED AND MODELLED. IN THIS CASE, A WARNING
C TO THE USER IS ALL THAT IS PRINTED.

IF((TBAR.GT.TSET).AND.{I¥ARN.EQ.0) ) THEN

IF(IPRNT.EQ.1) WRITE(OUT,925)
THPRN=1

P-TINYADT
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ONET=CNET+0ODEL
OQDRAW=0DRAW+ODEL
IDEND=0D

QDRAR=0
F=QNET/42300.0
TDRAW=0
IDEND=1

IDEEND=1

IDEND=0

i
‘-‘—0
P
-
v

L01)
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&

pqufﬂrﬁ+Q' ﬂf
OLD=0LD+QLORS
QID=CID+QTNT

THCREMENT TO HEXT TIME, CALCULATE HEY DAY, HR,!

=i
vz}

Pl gt

TIME=TIME+DT
TIME=DMOD{TIME,3.54D4)
IF{TIME.EQ.0.0) DAY=DAY+:

HR=MOD{IDINT(TIME/3400.0),24)

MIN=MOD{IDINT(TIME/603.0), &

SEC=MOD{ IDINT{TIME),50)

7

MEW HE PRINT & RESET HOURLY

IF(HR.NE.HROLD) THEN

IF(IPRNT.EQ.1) THEN

(} i

JALUES

IF({IDREND.EQ.1) THEH

WRITE{OUT,?10)

e
i
i)

YRITE(OUT,920)

ENDIF

ENDIF

IDREND=0
HROLD=HR
OSH=0,0
QNETH=0,
"l =), 0

. l..ux

QIH=0,0

HROLD,HR,Q8H/1.,0D3
OHET H/ L0D3 ,orh'1

.....

HRD,™IND,SECD

HREQLD,HR,Q5H/ 1. 003, QHET

QLH/1.0D3,0IH/1.
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200

o L
N PERFORM R
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IF{DAY HE.ZAYOLD; THER
IF(IPBHT.EG. 1) THE

EIN]

P
-
e}
1]
bt
v

=1 a0 D
L
o

il
o s o

h]

b
=T T ) T
=]

Do I
[oe B}
Il

TOR DAT

Y ENERGY COHNVERGENCE,
ESERY

SERVE AND HEAT LOSS
IF((HR.GE.13).AHD, {IDRAW.EDQ.O))

IF({F-FOLD}/F.LT.5.03) THEH
PENT.EQ.1) WRITE(OUT,%40) QNET/1.0D3
GOTO 200

O50LAR=0,0

ANG=0,0

MDOT=MFLOW

DT=TSTEPD

TIME=(,0

ODP=0.0

IF(IPRNT.EG. 1) WRITE(DUT,945)

PEEFORMANCE

-
]
Ry}

taas
D

e
S

20+

P T e



- RR-2594

2y Ll

(TPRHT.EQ.1) WRITE(OUT,9S0) MIN,SEC,00P/L1.0D3,T0
i

# IF TANE TEWMP TIN BY 3 O PRINT BESERVE TEST RER S AND PERFOREM
* HEAT LOSS TEST, OTHERWISE INCREMENT RESERVE TEST DRAW
IF{ (TBAR-TIN}.GT.3.0) THEN
GOTO 210
FLSE
IF(IPBAT.EQ.1) WEITE(QUT,9&0) QREE/1.0D2
ENDIF
dkekhhd kg bk {EAT LOSS TEST treksrdorcdeh oo s ook b kbbb st ek e e e e e o
&
# NOTE THAT THIS IS REDUNDANT: L IS AN INPUT. THIS TEST IS JUST FOR FUH
*  CHARGE WITH &0 © WATER.

j ]

-
=3 =

fowe R T

TBAR VARIATION < 0.1 o THEN PROCEED WITH COOLDOWH, OTHERWISE
EP CHARGING. WHEH H:1 TBAR DECREASEDS SLIGHTLY FOR T
TEPS, THUS MARING T

5 'y E SECOND TEST BELOW FALSE AND TERMINATING
E CHARGE. THE FIRST
o

HE
EST HaS BEEN ADDED TO AVOID TERMINATIHNG

I

IF((TRBAR.LT.20.0).0R. ({TBAR-TOLD}.GT.0.1)) GOTO 300

INITIALIZE COOLDOWN
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e
.
.L
1} THEH
WRITE(OUT,90L) MASE,U,ETAQ,BO,AREA,H
IE(IWFRN.ED.0O) THEN
WRITE(QUT,?81) ONET/1.0D3,0BE5/1.0D3,L
ELSE
WRITE(OUT,982) QNET/!.0GD3,0RES/1.0D3,L

ENDIF
ENDIF
HRITE (WORK ,#) MASE,U,ETAO,RO,AREA,N

#  GHD OF PROGRAM AHD FOOMAT STATEMENTS
WRITE({ (13,7 7Aanother cun?{¥/H): FO R
BEAD(*,"{4)°) RUH
F{{RUN EQ. 7Y ).0R.(RBUN,ED."yv" 1} GOTO 10
CLOSE{OUT)
CLOSE(WORE)
CLOSE(DAT)
STOF
F00 1H1,5(/),26X,76RCC 200-82 Simulation” /31X, "Solar Only

1 ollector Pavametars”//,%X, Mass = 7,F&.0,7 kg'/,
2 = " F4,1,7 W/ Sa-wm/C7/ 48X,
3 ffipg = 7 F4,2/,11%,"B} = 7 ,F4.2/7,7% =", F5%.2,
4 FLI2E,CH o= 71277
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ERRY

41
Ly

b

e ]
v

&

-1
g
Lh

70
SE0

FORMAT(IH ,I4, LI2, 323X, 4(2X ,F7.0) Ead of Doaw at 7,

i 12,77 ,12,7:7,12}

FORMAT(IH ,14,7-",12,2%,4(24,F7.0))

FORMAT ( 1HQ, “wkdakskdtdss WARNING: TRAR TGET wwskkdd ik /|
i &% QNET MAY BE GREATER THAH 14100 EJ THIS DRAW *%7/)

FORMAT( 1HO, 10X, 4(2X,7 RIS - Bl S RN AR

FORMAT( LHOD, S0, D“VQL?EHC: with previous day //,51¥, 0OHET=",1%,
PREZLG,T BIC/SSLEBO(TET))

FORMAT( ! Il,B“"*“}f/.ESX, Rassrvae Energy Test’//,12%,°7T 19%,
IOPODEL 18, TO /13K, T Min T 20K, Tk, 20X, 707 /)

FORMAT(1H ,10%,12,7:,12,
FORMAT(1HO, 22X, ¢ S/7 25X, CORES=" , 1X,F7.0,° kI // , 80( %))

Modal ),

AT(1H ,50(“*",.[,Lu{ “Summary of Results - Sgiar Only’//,
SE,"OQNET= 7 ,F7.4 I/ /43K, TORES= 7L, FYL0,7 RIT//,8K L= 7,

T L Fa.2,7 iﬁ/x:"//,__(_:( )

FORMAT{IH [ B0( %),/ 18X, “Summary of Results - Sola
1 5X,70NET= < ,F7.0,7 kJ* //,5X,”QRES= TLETLG,T WIS/
2 F6.2,7 W/CO//,B0(7%7))

of
5X,QNET= *,F7.0,° kJ Wacning: ONE'
234, ¢ TDEL > TSET for some

FORMAT(1H ,B80(“*7),/,18X, "Summary of Results - Zolar Prahesat’//,
SR, 0RES= 7 L,F7.0,7 kIT//,8Y, L= T FE 5

L3 103 b

i
e
2
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ER H
MENSION TI(20),TBARN(20),0LOSSH{20) ,QINTH{2D)

= COMMOH RBLGCES

o 1

!”“H”H JCOLL/ ETAOQ,BO,WCP,UA,MBOT,CP
OMMON /aMB/S QSOLAR ANG, TS, l” QGING

;OmHDN JTEMPS/ TGO, TON(20), TJH .TT&Nﬁ

COMMON /TEMPSL/ “ﬁEﬂﬂﬂiﬁui

COMMON /JENERGY/ QDEL,QLOSS,QINT

COMMON /STEP/ DT

*  CALCULATE S0OLAR ABSOREED

OARS=0S0LAR*ETAO*( 1.0-BO*(1,0/DCOS(ANG)-1.0))

i
e
=i
4
*1
L2
ten
o

TI{I)=TBARHN(I-1)
ENDIF

BETA={ (QARS/N)+MDOT*CEHTI{ I+ (UA/N)*=TA)/ (MCP /N
PMA= (PMDOT=CPHiTA/NY /A (WCP /D
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*

10 CONTINUE

+  CALCULATE ENERGY FLOWS IN

0STHC=QSOLARSDT

TEMPERATURES

QDET-QWOm+XP*[TBAFWfN}—FIN\va

qLOSS=0.0

OINT=0,0

DO 20 I=1,H
OLOSS=0LOSS+0L
OINT=QINT+QIHNT!

0 CONTINUE

* RESE

l'i

DO 20 I=1,N
20 TOW(I)=TOENDN(I)

# SET AVERAGE AND END OF TIME STEP OUTLET TEMPS T0O THOS

ToO=TOH{H)

*  CALCULATE TANE TEME AS
TT=0.0
DO 40 I=1,H

40 TT=TT+TBARH(I)
TTANK=TT/H

* END OF ROUTINE

BETURH
END

TEMPS FOR NEXT TIME

O58HIT)
1119

AVERAGE OF AVERAGE HODE TEMPS

75
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" APPENDIX A.2

ANNUAL PERFORMANCE
(UNIVERSITY OF WISCONSIN METHODOLOGY)



&  THIS PR P COMPUTES THE MONTHLY AVERAG *
*  SULAR FRACTION QF AN ICS SYSTEM OPERATIE *
* 0OR MmADISOH  USING THE CORRELATION TO TR *
* 'Y ALAH ZIOQLLHEE AT THE UNIV. OF WIBCQOHIIN *

ke

I ]
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=
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=
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=
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=
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[a

+

ok
"4 PERFORMANCE PREDICTION METHODOLOGY FOR INTEGRAL *
COLLECTOR STORAGE SOLAR DOMESTIC HOT WATER SYSTEMSY w*

GHIVERSITY OF WISCONSIN-MADISOH, 1984

THE PROGRAM CANNOT TAKE CARE OF CHECEING FOR 4 REASONAELE

COMBINATION OF VOLUME, AREa, LOSS COEFFICIENT AND LOAD. TH
USER IS WARNED THAT HE/SHE/IT MUST INPUT BEALISTIC VALUES FOR
ICS PARAMETERS. NOTE THAT THE PROGRAM DOES CHECK FOR VALUES
WHICH ARE OUT OF BOUNDS OF THOSE STUDIED BY ZOLLMER. IT WILL,

I K
HOWEVER, PHOCEED WITH THE CALCULATIONS AFTER ISSUING A WARNIHNG

fo S S S I S S S S S S S - N S S
Y =

K S S A R . R S S S S 2

REAL HUMER,HNDAYS,MCP

CHARACTER®1Q CITY(E)

DIMENSION TAME(12}, HTINP{12),
ITMAINS(12), TORAW(12),50LFRC( 12} ,0
2LHTL(12,3), THALL2,2), TAM{12,2) ,¢

* SET DEFAULT VALUES FCR THE APERTURE AREA, THE LOSS
* COEFFICIENT, THE DAILY DRAW MAESS, AND TaU-ALPHA

DRAWLIT = 3200,
* OPEN DATA INPUT FILE WITH INITIAL PARAMETERS

OPEN(1,FILE="WORK.DAT* ,STATUS="0LD" )
READ(1,*) DMASS,ULOSS, TAUALFA,RO,APAREA, NODES

JALUE!

*  CONSTANT

i

A
i



+ ¢

et

HESE S0OLAR BA
ATITUDE AHGLE
GENERATE TI
DATA HTL/ .32 72

ol
[ R X

e -

T 2 el =3 -
DaTA HEM Ga, JFE0,\7484, 784,730,

e a1 mm mr a1 ae et am A
DATA WDAYS /31.,22.,31.,20.,21.,30.,31.,31.,230.,21.,30.,31.,

DATA THA/3.9,%4.4,6.1,9.4,12.3,15.8,17.2,17.8,17.2,13.2,7.2, 2.
1 3.2.8.9,10.,11.1,12.9,15.,17.2,22.9,26.1,20.6,15. ,1:
}_ l"!-l— /

DATA CPWAT /4.19/

DATA TAM/O.,0.,3.,7.,

- -t a
Jl4.,19.,23,,22.,17.,11. o.,
- b ] -y 3 L i R R ) 7
1 10.7,12.5,15.4,19.8,24,46,29.2,32.9,31.7,28.8,22.3,15.4
: y 1 g ] e [54 ) LT - 4
1 -84, -5.5,-1,0,7.4,12.3,18.8,21.2,20.4,15.4,7.9,1.5,-5

DATA TSET /50

PRINTED OQUTPUT?

WRITE(*, " (/,1¥,” "Do you want printed output{¥/H?): “7\}")
READ(*, " {A}") IPRINT
IF({IPRINT.EQ. v ).0R.{IPRINT.EQ.“Y 1) THEH

OPEN(LUN,FILE="LPT]1:" ,STATUS="NEW")

Fokdrddd INPUT ANY CHANGES DESIRED IN THE DEFAULTS dokh ek

1y

P

18]

A WARN

ING IZ ISSUED IF PABRAMETER VALUES ARE
QUTSIDE TH

E RAHNGE OF f A HSYS RUNS MADE BY ZOLLNER.
CONTINIE

HE

=)

ITE(* 30067 Dy

[+

ITE

=i
!”-51

R R
a LS a3l

Yot
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WRITE(*, " {/,1¥, " “Voluma of ICS tank, liters: “7\)7}
BREAD(*,+ ERB=150}1 DMaSS
LEO GT.250,0Y,0R, (DMASE.LT.120,0) ) WRITE(®, 300)
N/ ra area  Dg. meters: A
FR? A
200 DCHE=DMASS/APAREA
IF{ (DCHE.GT,70,7).0BR. (DCHE.LT.47.27)) WRITE(*,300)
YRITE(*,"{/,1¥%,""Loss Coefficiant, W/ mZ-Dag C: i

55 ¢
EEAD(*,*,ERR—ZSU) ULoss
250 IF{(ULOBS.GT.4.44)  0R. (ULOSS.LT.1.94)) WRITE(+*,200)

WRITE(*, " (/,1X, " “Daily average hot water usage, litars/dav: “7%)7)

BEAD(#,* ERR=300) DRAWLIT

320G WRITE(*, (/,1%,""Optical efficiesncy: ~7\)7)
R=350) TAUALFS

250 IF((TAUALFA.GT.0.48%).0R. {TAUALFA.LT.0,.39)) YRITE({+*,200)

WRITE(*, (/,1X,""# of nades: ““\)7}
READ{*,*,ERR=400) HDUE;

400 CONTINUE

* THIS COBRELATION FROM A SERI CURVE FIT TO FIG 2.21
F ??LLNFF 'S THESIS TO ACCOUNT FOR STRATIFICATIOHN

P{—-.7233%(NODEE-1)))

475 WRITE(*=, {/1X, "City # {HNota: there is no default)” /5%,
H Repver=1,Phoenix=2,Madison=3: ~7\)"}

READ(*,*) ICITY
IF((ICITY.NE.1).AND.(ICITY.NE.2).AND.{ICITY.NE.3)) GOTD 475

* SET THE RADIATION, AMBIENT TEMP, AHD MAINS TEmMP
* FOR THE CHOSEN CITY NUMBER

DO 23 I=1,12
TAMB(T) = TAM(I,ICITY)
THMATNE(I) = TMA(I,ICITY)
HTINP{I) = HTL(I,ICITY)

25 CONTIHUE

HTIHP(12) = HTL{12,ICITY)

.79
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* COMPUTE THE MONTHLY DRAW MASS
DRAWMAS = DRAWLIT

*  BEGIN THE LOOF TO COMPUTE THE @WONTHLY aVG. DRAW TEMPS
Ed
A ke o e sk s o b ok ok ok i ok ok ok ok ok ok i ok ok ok ok b s s sk o ok sk sk ok ook sk ok ok ok ok ok ok ook ook ok ke ek ok kb b kot ok

DO 400 M=1,12
®  CONVERT RADIATION TO PROPER UNITS
HT (M) = HTINPR(m3 = 1000000,

*  COMPUTE MCP FOR SOLAR FRACTION CALCULATION

MCP

]

CPWAT + DRAWMAS + HDAYS (M)

* CALCULATE EACH TERM IH THE NUMEBRATOR

+ + %
a1
[y ]
= =
RO N s P
oooloE
[ Il =)
g
z -
T >
[ I
g
X
[ I A
o
> =3
= b
[an Mo A Co ]
= o} X
Z e
L B o
g
=g b {7
X1 <3 U3
NG |
3 -3
iy D
R i S o |
3 e
= o G
o
[ e o]
B

THAINE = TMAINS(M) + 273,
c TAMEE = TAMB(M} + 273, - 3.
* DENVER

IF(ICITY.ED.1) THEW

TAMEE = TAMB(M) + 273, - 4.5

* PHOENIX

ELSE IF(ICITY.EQ.2) THE

=

TAMBE = TamB{M) + 272. - 5.0
* MADISOH
ELGE

TAMBE = TAMB{M) + 273. - 3.0

ENDIF

T = SPAREA + TAUALFA
T2 ‘ TMATHE
T3 = ULOSS = APAREA + HRMON(M) = TAMEE * 3.4

80
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- A = 7 - T -
*  COMPUTE THE HUMERATOR

HUMER = 71 + T2 + T3

*  COMPUTE THE DENOMINATOR
DEHOM = D1 + D2
* AL

CULATE THE AVERAGE DRAW TEMPERATURE FOR THE MONTH

TDRAW{M) = (NUMER/DENOM) - 273,

+
Bl

CALCULATE ODEL AND QLOAD,THE ENERGY COLLECTED aND REOQUIRED

ODEL (M) = (MCP * (TDRAW(M} - THAIH“fﬂiii’
QLOAD{M) = {MCP & (TSET - THMAINSI{M))) /10

*  CALCULATE THE MONTHLY SOLAR FRACTION

* IF STRATIFIED, THEN USE THE CORKRELATION TO T&NK TURNOVER
* QOTHERWISE A=0

30LFRA = QDEL(M) / QLOAD{M)
SQLFRC(M) = SOLFRA *{1.+{A*(1,~-SO0LFRA)}/TT):
ODEL (M) = SOLFRC(M) * QLOAD(M)
&£00 CONTINIE
*  BEGIN LOOP TO PRINT THE RESULTS

IF((IPRINT.EQ. v ) .OR, {IPRINT.EQ. Y 1) THEHW
YRITE(LUN,900) DMASE,AFPAREA,ULOSS,DRAWLIT, TAUALFA ,NODES

ERDIF

IF(NODES.GT.1) THEWN

WRITE(LUN,905) TT

ELSE
WERITE(LUN, (/1%,""The tank is fully mixsd )7}
ENDIF
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TAMEUM=G,

THESH {*‘ =0,

Do 700 I=

HTMT =
WRITE(
# SUM THE PERF

TAMSURM
THNSUM
TDRSUM
SFRSUM
QDLSUM
QLDSUN

700 COHNTIHUE
*  COMPUTE THE
AMAYG =

T”HAUF =
TDRAVS =

) AT =

SFRAYVG

ODLAVE =
* COMPUTE THE
ODAREA =

*  COMPUTE THE

QINTOT =
QDLTOT =

* PRINT QUT TH

WRITE(LUH,

L ]

1L,0INTOT,O0

WRITE{LUH,

= (!DLC;‘( l,f‘ i]' Lo=UM

IDENT RADIATION TO MEGAJOULES

HTINP(I) * 1000, * APAREA

LUN,520) I,TAME(I),THMAINS(I),TDRAK(I),HTH
SOLFRC(I),0DEL(I) -

ORMANCE PARAMETERS FOR AVERAGING AND TOTALS

= TAMEB(I)} * REAL{HDAYS(I)} + r"5”"‘“!."‘
THATHS(I) + REAL(NDAYS(I)) + THNSTI
TORAW(I) * REAL(HDAYG(I)} + EDEbUﬂ
SOLFRC(I) + SFRSUM

ODEL(I} + QDLEUM

= QLOAD{(I) + QLDSUM

1

AVERAGES

TAMSUN/ 265,
THHSUM/ 365,
TRRSUM/ 265,

HTINF(13) * 1000, * APAREA / 12

o w

QDLIUM/ 12,

EHERGY DELIVERED PER UNIT AREA
ODLGUM/APAREA

TOTALS

HTINR{12) * 1000, + APAREA
QDLSUN

E AVERAGES AND THE TOTALS

LEE R

240) ODARREA

TAMAVG, TMHAVG, TDRAYVG ,OTHAVG, SFRAVE, ODLA

=2594
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200
SO0

Q5
EAAL

220

230

Q40
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TS
WRITE(*, 7 (/ Ancther vun?{Y/Ni: LU
BEAD{*>, " (&) P‘HJ

i g ) LTy Y GOTO 10

FORMAT(/” WARNIHNG: Parameter out of range of TRHEZYS zorrs 3
FORMAT (lﬂl. ICE Pavamatars”,// 0¥,
1 Yalume = 7 ,F6.1,1X, " liters” ./ ,5X,
Z Apacturs area = 7 ,F5.2,1%,753. m",/,5%,
3 Loss Coefficient = 7 ,F6.2,1X, W/mh Deg 7L/ 55X,
& Daily hot water draw = 7,F79, 1q_K, it g
5 “Optical Efficiency = .F#.k;,,gx H:
FORMAT(/,7 The tank is stratifisd, wit
FORMAT(/,1X,410,7 {Hota that solar ivar /oy
! 14%,"apavtures fLiltad at latitude
2 2 Month, 24, TAmb Temp” 2%, "Main Te mpf,ﬁl,
2 Draw Tamp”, 2%, Qinz, Tilt’.hx_ Hcl v L,aX,Qdel ./,
4 DI, 700y, 8%, 7 (2) 7, 8%, 7 (CYy ,8Y, " (MI) ", 58X, "Fract 4%, " (MIr" )
FﬁPﬂanI oXGFSL1, 7, F4.1,7X,F4, ] 4Y F7.0,

wd
15X, F4.2,2%,57, o)
FORMAT (1X,70(° =1/, 1%, ”AvaragaR’,QX‘F4,l.?X,F4.1,4X,
1F7.1,4%,F7.0,2X,F7.2,3%,F7.0,/,1%,“Totals" , 34X,
2F7.0,12X,F7.0)
FORMAT (&0%,F7.0,1¥%, " MI/m2" )

83



APPENDIX B

MANUFACTURERS' SURVEY FORM
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ICS MANUFACTURER SURVEY

Company:

Phone:

Contact:

Product: Date:

MARKETING

1. What is your marketing strategy(direct, wholesalers, etc.)?
2. Where is your product marketed?

3. Have you experienced any freeze related problems?

4, If you have a freeze related warranty, what are its terms and conditions?

DESIGN

1. How did you arrive at your current design?
2. What design improvements do you contemplate?
3. Can you send product literature?

4. Where has your product been tested?

COSTS

1. Can you give us your cost figures for:
Manufacturing?
Wholesaler/dealer?
Installed system?

2. Without tax credits how would your marketing and costs be affected?

MISCELLANEOUS COMMENTS

85"




S=RI @

RR~2594

SELECTED DISTRIBUTION LIST

Ms. Jennifer Adams
Engineering Editor
Solar Age Magazine
Church Hill
Harrisville, NH 03450

Mr. Bruce Anderson
Solar Age

P.O. Box 985
Farmingdale, NY 11737-9885

Dr. William Beckman

University of Wisconsin

Energy Research Building-1343
Mechanical Engineering Department
Madison, WI 53706

Mr. John Biemer

Bonneville Power Authority
P.0. Box 3621

Portland, OR 97208

Dr. Thomas Bligh

MIT

Department of Mechanical Engineering
Cambridge, MA 02139

Dr. David Claridge
University of Colorado
Dept. of Civil Engineering
Boulder, CO 80302

Dr. Eugene Clark
Trinity University
Physics Department
San Antonio, TX

Dr. Kirk Collier
Collier Engineering
Route 2, Box 240

Cave Creek, AZ 85331

Mr. Dan Conroy
Sunshine Systems

521-C Searls

Nevada City, CA 95959

86

Mr. Doug Cornell
Cornell Energy, Inc.
4175 South Fremont
Tucson, AZ 85714

Mr. Keith Davidson

Gas Research Institute
8600 West Byrn Mawr Avenue
Chicago, IL 60631

Mr. Dikkers

National Bureau of Standards
Technology B-148

Washington, DC 20585

Dr. John Duffie

University of Wisconsin-Madison
Engineering Research Building
1500 Johnson Drive

Madison, WI 53706

Mr. Sonny Eymann
Sun Systems, Inc.
3831 East Broadway
Phoenix, AZ 85040

Dr. Hunter Fanney

National Bureau of Standards
Thermal Solar Group

Building 226, Room B126
Washington, DC 20234

Mr. Roger Farrer

New Mexico Solar Energy Institute
Box 350L

Las Cruces, NM 88003

Mr. Rob B. Farrington

Solar Energy Research Institute
1617 Cole Boulevard

Golden, CO 80401

Mr. W. S. Fleming
4495 Brickyard Fall Road
Manlius, NY 13104



S=R| @

Mr. Larry Flowers

Solar Energy Research Institute
1617 Cole Boulevard

Golden, CO 80401

Mr. John Goldsmith

Route CE-311, Room 5H-065

U.S. Department of Energy

1000 Independence Ave., SW
Washington, DC 20585

Mr. R. Harkins
ASES

2030 17th Street
Boulder, CO 80302

Dr. Richard Hayter
Ward Hall 133
Manhattan, KS 66506

Mr. Oscar Hillig

ETEC

P.0. Box 1449

Canoga Park, CA 91304

Dr. Bruce Hunn

University of Texas
Building 143

Center for Energy Studies
Austin, TX 78712

Mr. Pete Jacobs

NOVAN

1630 North 63rd Street
Boulder, CO 80301

Mr. Ralph Johnson

NAHB Research Foundation, Inc.
3720 T Street, NW

Washington, DC 20007

Dr. Robert Jones

Los Alamos National Lab.
P.0. Box 1663

Mail Stop H577

Los Alamos, NM 87545

Mr. Gary Jorgensen

Solar Energy Research Institute
1617 Cole Boulevard

Golden, CO 80401

87

RR-2594

Dr. Susumi Karaki
Colorado State University
Fort Collins, CO 80585

Mr. Frank Kelly

King Energy Systems, Inc.
1961 McGraw

Irvine, CA 92714

Mr. Earl Kennett

American Institute of Architects
1735 New York Avenue, NW
Washington, DC 20006

Mr. William Kennish
104 Militia Place
Washington Crossing, PA 18977

Dr. Sandy Klein

University of Wisconsin
Mechanical Engineering Department
Madison, WI 53706

Mr. C. LaPorta

SEIA
1156 15th St., NW
Suite 520

Washington, DC 20005

Mr. Bob LeChevalier

U.S. Department of Energy

San Francisco Operations Office
1333 Broadway

Oakland, CA 94612

Dr. George Lof
Colorado State University
Fort Collins, CO 80521

Mr. Jay McLaughlin

Servamatic Solar Systems, Inc.
1641 Challenge Drive

Concord, CA 94520

Mr. Len Meserve

Nature's Way Energy Systems
P.0. Route 8

Old Homestead Highway
Kenne, NH 03431



S=RI @

Mr. Dan Miller

Gulf Thermal Corporation
P.0. Box 1273

Sarasota, FL 33578

Dr. Jeff Morehouse
Science Applications, Inc.
8400 Westpark Drive
McLean, VA 22101

Dr. Frederick Morse

U.S. Department of Energy
Route CE-31, Room 5H-095
1000 Independence Ave., SW
Washington, DC 20585

Dr. Stanley A. Mumma
104 Engineering "A" Building
University Park, PA 16802

Mr. A. Newton
136 Shelbourne Drive
York, PA 17403

Mr. Andy Parker
Mueller Associates

1401 S. Edgewood Street
Baltimore, MD 21227

Mr. Bill Parkyn
Sunwizard, Inc.
1424 West 259th Street
Harbor City, CA 90710

Mr. Ed Pollock

VITRO

14008 Georgia Ave.
Silver Spring, MD 20910

Mr. Bill Putman

DSET Laboratories, Inc.

Box 1850, Black Canyon Stage
Phoenix, AZ 85029

Mr. John Richardson

Solway Energy Corporation
30-942 Southwest Marine Drive
Vancouver, BC

Canada V6P-5Z2

88

RR-2594

Mr. David Robison

Oregon Department of Energy

102 Labor and Industries Building
Salem, OR 97310

Dr. Bob Schubert

College of Architecture
Virginia Polytechnic Institute
Blacksburg, VA 24061

Mr. William Seaton
ASHRAE

1791 Tullie Circle, NE
Atlanta, GA 30329

Dr. William Shertz

Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Mr. Walter Short

Solar Energy Research Institute
1617 Cole Boulevard

Golden, CO 80401

Mr. Graham Siegel

TVA

240 Chestnut St. Towers ll
Chattanooga, TN 37401

Mr. Morris Skalka

Route CE-311, Room 5H-065

U.S. Department of Energy

1000 Independence Ave., SW
Washington, DC 20585

Mr. Michael Starr
Tao Starr Solar

1515 Fairview Avenue
St. Louis, MO 63132

Dr. Bill Thomas

Mechanical Engineering Department
Virginia Polytechnic Institute
Blacksburg, VA 24061

Mr. John Thornton

Solar Energy Research Institute
1617 Cole Boulevard

Golden, CO 80401




- R
S=RI #
- K

Mr. Al Throckmorton

Prime Energy Products

7669 Washington Avenue South
Edina, MN 55435

Ms. Gretchen Vandenburg
Conservation Concepts, Inc.
484 Middleton Road
Hummelston, PA 17036

Dr. Michael Wahlig
Lawrence Berkeley Laboratories
University of California-Berkeley

Mr. Alex Willman

ACEC Resource and Management
Foundation

1015 15th Street, NW
Washington, DC 20005

Mr. Rich Wipfler
FAFCO, Inc.

255 Constitution Drive
Menlo Park, CA 94025

Dr. Marvin Yarosh

Florida Solar Energy Center
300 State Road 401

Cape Canaveral, FL 32920

89

RR-2594




Document Control |1. SERI Report No. 2. NTIS Accession No. 3. Recipient’s Accession No.

Page SERI/RR-253-2594

4. Title and Subtitie - | 5. Pubiication Cate

November 1985

A Cost and Performance Comparison_of Drainback and

Integral Collector Storage Systems for Residential 8.
Domestic Hot Water

7. Author(s) A11an Lewandowski, Cecile M. Leboeuf, Charles 8. Performing Organization Rept. No.
F. Kutscher

9. Performing Organization Name and Address 10. Project/Tasi/Work Unit No.
Solar Energy Research Institute 3017.31
1617 Cole Boulevard . 11. Contract (C) or Grant (G) No.
Golden, Colorado 80401 (©)

(G)
12. Sponsoring Organization Name and Address ) 13. Type of Report & Period Covered

Research Report

14.

15. Suppiementary Notes

16. Abstract (Limit: 200 words) This report describes work performed in FY 1984 at the Solar
Energy ‘Research Institute as part of the continuing effort to lower the delivered
energy cost of solar domestic hot water and space heating systems. In this work, a
cost and. performance comparison of drainback and integral collector storage (ICS)
systems was conducted. Cost data for installed system costs were developed for both
systems. Performance for the systems was generated using either accepted design
tools (FCHART for drainback systems) or.new mefhodologies (for the ICS systems}.

The cost and performance data were used to calculate discounted payback as-a means
for comparing the two systems and for assessing their market potential. The results
of this economic analysis show that ICS systems have lower discounted paybacks than
commercially available drainback systems. Low-cost drainback systems using new, Tow-
cost components have about the same discounted payback as ICS systems.

17. Document Analysis

a. Descriptors  Solar water heating ; Economic analysis ; Cost ; Low-cost systems ;
Performance models ; Long-term performance

b. ldentifiers/Open-Ended Terms

¢. UC Categories
5%a

18. Availability Statement : 19. No. of Pages
National Technical Information Service

U.S. Department of Commerce 87
5285 Port Royal Road
Springfield, Virginia 22161 ' 20. Price AOS -

Form No. 0069 (3-25-82)




